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ABSTRACT 


A structural evaluation of the large threaded Pressure 
Vessels in the wind tunnel facility was performed using finite 
element techniques coupled with fatigue and fracture mechanics 
analyses of the critical locations. The results of this evalua- 
tion show that these threaded pressure vessels have limited fatigue 
life due to high stress concentrations at the root of the thread 
root radii in the threaded end closures. Design modifications 
Were made to the most critical end closures (Bottom End of Mach 
14/18 Heater Vessel and Inlet End of Driver Vessel) to increase 
the design life of these pressure vessels. The design life of 
all of the threaded pressure vessels was also increased by re- 
ducing the maximum pressure at which they are operated. Periodic 
inspection requirements which account for variable pressure 
cycling and mean stress effects were also developed for the 


Critical areas of these threaded pressure vessels. 


The net result of the design modifications, reduced 
operating pressures and periodic inspection requirements is to 
increase the design life and confidence in the safety related 
Structural integrity of the threaded pressure vessels in the 


wind tunnel facility. 
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APPENDIX 1A 


STRUCTURAL EVALUATION OF MANIFOLDS 
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STRUCTURAL EVALUATION OF MANIFOLDS 

The Hypersonic Wind Tunnel facility has two manifolds, 
an inlet and exit manifold. These are used for all three loops, 
M10, M15 and M18. The inlet and exit manifolds are shown on 
National Forge Drawings 4-01513, Rev. 0, and 4-01514, Rev. A, 
respectively. “he material specifications for the manifolds are 
listed below. 


Component Material Ri °y 

Inlet Body es 143,000 131,000 
Exit Body -- 142,000 129,500 
Studs ASTM A193, GRB-7 125,000 105,000 
Flange AISI 4340 135,000 120,000 


INTERSECTION OF CROSS TUNNELS 


Exit Manifold 
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Consider square block as thick-walled cylinder, R, = 2.25, 
R = 8.5. At R.: 
fo) i 


P, (a? +b?) 
fej =O 
8 b* - a2 
Oo, = Py 
Pa’ 
c. a= 
Zz b? - a2 


For the design pressure of 46,000 psi: 


_ (46,000) (2.257 + 8.57) _ 


52,952 pad 
5° = 2. 25° 
ao. = -46,000 psi 


= £46,000) (2.257) _ 3/466 pei 
7 B35 a,25 


The horizontal 3.6870 hole can also be looked at as if it were 
a thick-walled cylinder with Ri = 1.8435 and Ry = 8.5. MThere- 


fore, for this "cylinder": 


1 = (46,000) (1.843574 8.57) _ 


fe} 
: 3.5° = 1.84357 


50/541 psi 


o' = - 46,000 psi 
46,000(1. 84357) 

of = ee = 2,271 psi 

2 8.5° - 1.8435 
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Now looking at the intersection of the two holes: 


iz pact 73 
a Oy: 4 
“ ee ae O, 
~All 
Seine SS 
eee | c 
\Se é 
| = 
oe 
ee 
a = ' ey . 
oy (a, +0,) 48,271 psi 
' eee . . 
oy = (oO, +d) = 103,473 psi 
o> GO) = 49,466 psi 


This gives a stress intensity of Jy ~ Fy = 151,744 psi, or 3.3 Pi. 


Since the stresses will decrease with decreasing R;, this is 


the maximum stress at the intersections in the exit manifold. 


Following the procedure outlined in Appendix 3A 


we Can evaluate the fatigue life: 


75,872 psi 


| ORANGE = 151,744 psi; Ca = 
Ouran 7 79-872 psiz o, = 120,000 psi; o, = 135,000 psi 
: = - = - = ‘ 
Oupan = Sy 7 Sapr = 120,000 - 75,872 = 44,128 psi 


2 
ee. ALT 7 (7) (75,872) 
eq ; 3 R 3 
0 44,128 
ge E + Saal 8 At 35,000 
u 
— C 3] 
Sag 93,770 psi 


N = 1,350 cylces(from Figure 3A-7A). 


Inlet Manifold 
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i | 1A-5 
i Consider square block as thick-walled cylinder, Re = 2.0, 
j R. = 8.5. At R.: 
fe) i 
Petar aoe 
eee ae 
? be =a 
] re) = Pp. 
r i 
| pia? 
a 
Zz b? = a2 
| For the design pressure of 60,000 psi: 
| 2 2 
O, = SE “ ae 67,033 psi 
8.5° - 2.0 
Gy =-60,000 psi 
bg MOO OOOMCABOL® nay'at ahd. Oi 
Zz 2 2 r P 


8.5° - 2.0 


The horizontal 2.6875 hole can also be looked at as if it were 
a thick-walled cylinder with R; = 1.34375 and Ry = 8.5. Therefore, 


for this "cylinder": 


2 2 
o,° = (60,000) (1.34375° + 8.5°) _ 63 076 psi 


Oreo oe 34996 


Die =-60,000 psi ’ 

. _ 60,000(1.34375%) 

oS oo ee = 1,538 psi 
8.5° - 1.34375 


Now looking at the intersection of the two holes: 


ah Re aL AER 


De 
Zz 
° ee 
ee Te 
Sepa EE 
Oma (a7 + Re i -61,538 psi 
oO = (ry + dy) = 130,109 vsi 
ees (u, + a) = 63,516 psl 
This gives a stress intensity of oy aS 191,647 psi, or 3.194 Pi. 


Since the stresses will decrease with decreasing Rye this is 


the maximum stress at the intersections in the inlet manifold. 


Following the procedure outlined in Appendix 3A 


we can evaluate the fatigue life: . 


ORANGE = 191,647 psi; Onur = 95,824 psi 
Omean = 95,824 psi; oy = 120,000 psi; o5 = 135,000 psi 
5 =, was feos = 2 c = ‘ 
| Uracy  ige Oen = BeeeOON (eno geese me eee Pee 


900 cycles (from Figure 34-7A). 


FLANGE AND PLANGE STUDS INLET MANIFOLD 


The details of the inlet flange and studs are 


shown below: 
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Pressure load on studs and flange: 


5 


F = TR’P = (1.6875) “(60,000) = 5.368 x 10° lbs 


The tensile area of each stud is -A,= 2.401 tae which gives 


a tensile stress in each stud of: 


5 
_ 5.368 x 10° _ ; 
oOo = 8) (2.401) 27,800 psi 


We also must check the adequacy of the thread engagement length. 
From NBS Handbook H~28, the length of thread engagement required is: 


2 x MAX A. 
e- S_MIN 
Ss 


maximum stress area (external thread) 


where: A_ = 


S_ = area in Shear of external thread 


j I Following the procedure outlined in Appendix A5 of NBS 
. Handbook H28 (1969): 
i 
.f L 
t * of . . _e& 
ee | A. = 0.5(C)K, min x = x De max) 
| Me 
aa from Figure A5.3 for 1-7/8 dia. = 0.6255 
(A,) = 0.5 [(2.356) (1.740) (0.6255) (1.8725)] = 2.401 
max 
Ss = K ymax (C) = Ce Ten) 
= 1.765(2.356 - (14.51) (0.03) = 3.390 
. _ (2) (2.401) _ : 
Pe L, = == 7 300 = 1.416 in. 


This value is less than the specified 2.75 in., and, therefore, 


the studs have adequate engagement. 


Now looking at the 7-1/4 - 4UN thread. This thread 


size is outside of the range of the NBS Handbook; however, if 


we look at the ratios of the pitch diameters and lengths of 
engagement, it can be seen that this joint will have a large 


shear area than the studs and consequently will be lower in stress: 


mere (7-1/4) (6) 
a. 4 RALIO’= Tayler ey) (2078) 


= 1.05 
Finally, looking at the flange. Consider the flange 
to be a circular plate, built-in at its edges, and loaded in a 


circular region by 60,000 psi. 
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| ‘ = LIB IE nm 


2 (1.8125) * (60,000) 


2 m1.8125) = 54,375 lbs/in. 


From "Formulas for Stress and Strain," R. J. Roark, 5th Ed., 


Table 24, case le, the maximum moment in the plate at the 


wall is: 
CLL 
ae see Ae 
M= pa(1, G 
4 
2 
sf l+u a l-u are 
where? <L. = 2452-8 Zu — + [2 - etl | 
9 a 2 rs 4 a 
2 
2 {2} 
ee ae - 1+22u — 
re) 
_ 1 b By a 
c,=5[0+w bea u) = : 
ak epee eet i HS ° 
os ae ee a 


yr. = 1.8125; a = 8.1875; b= 1.8125; u= .3 


DEO Reha a asks mt oe ae pad GaN: gee a Sake EU mee cde ll 


[ 1A-12 
i “ lig = 0.254; Le = 0.114; Cy = 1.725; Co = 1.955 
I a _ (1.955) (0.114) 

M = (54,375) (8.1875) [0.254 Cee | 
| M = 55,350 in-lb/in. 
| san: | 

Sway 7 i = 9,300 psi 


EXIT MANIFOLD FLANGE AND STUDS 


A typical configuration of the Exit Manifold flange 


connection is shown below: 


C 
LR UV- 2 


ie e | 4 eal 
ae il deveroaals 
3 ; 
| 


Bist: ON Ve 
\ 


a 3.0 Hk? ENSACEMERG 
ae me ] oN ae 
\ > 
; R23 - LIMO -? 
L.OF 


Following the procedure outlined in Section 


pressure load on studs and flange: 


5 


F = 1TR2P = 1(2)7(60,000) = 7.540 x 10° lbs 


The tensile and Shear areas of the studs are: 


A, = 0.5(C,K min x “e x Domax) 

S. = K max(Cy -— Ce Tey) , 

A, = 0.5[ (2.356) (1.865) (.6305) (2) = 2.770 in.? 

S_ = (1.8797) [2.356 - (14.51) (.0147)] = 4.028 in.” 


“8 <IVOS 


a Rn ie 


oa 


The tensile stress in the studs is: 


5 
. . #.540 x 107 _ . 
Oo = (8) (2.770) = 34,000 psi 


The required thread engagement length is: 


(Sr ROT 59S SS 
s 


Considering the flange as a circular plate, built-in at 


its edges: 


if | P 0 
of antennae l Meaceaaperde 
‘| 2.04 
ve a 925 
p = 1(2)"(60,000) _ gq ao9 lbs/in 
= 2m (2) ' : 
to = 2.0; a= 7.9375; b= 2.0; u = 0.3 
“Lg = 0.267; Le = 0.115; C, = 1.553; Cy = 1.691 


M =- (60,000) (7.9375) [o. 267 ope eR Ue EEE | 


1.553 
M = 67,710 in‘lb/in. * 
_ 6M _ ' : 
Snax = ee = 11,300 psi 


APPENDIX 2A 


PRIMARY S''RESS EVALUATION 


for 
MACH 10 HEATER VESSEL 


Primary Stresses in Cylinder Wall 


Hand calculations were used to calculate the primary 


pressure stresses in the main vessel cylinder wall away 


from the threaded ends. These hand calculations are given 
on the following pages. The resulting stresses are listed 


and compared to the allowable stresses. 
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CHKD. BY _ DATE — “mS prov. no JPle2/o 


Ptimary ofresses 1 Cylinder 
The by Stress Intensity (8 derived kelow: 


J, = oF CL eA) Tangential ae 
5 ae 12(b -a?) Hoop Stress 


=-p oS ae { Radial stress) 


—_— ir )hlC | 


) 


(Stress In tensity) 


u 

\\ 

+ 
| 

S 


The Average Stress Intensity ‘Ss is 


ae — U7. Be 
m | reb 
Ce es [over 
= b- A vp ng 
: | r=b 
aa rte | ear 
r= 
Eee 2 2,2 pee 2/12 pz 
pos ua Sides Bee | -p Q (her) up 
| me b-a r2(b°-a?) b-Q r2 (i -a2) 
t r=q rs 
p a ae ae aa 2 pae 
ST ee ea fins SOO ~ (p-a)(b2- a2) 
™ (b-a) (LF -a?) pate oar . a)(b°- a) 
ra 
r=6b ajrab 
b dr -|- ibe = ~ o, B —_ 2 2 (b-a) a) = pe 
aes e b Qa a a Q 
a rsa, 
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gy Db DATE wifuf se suBlecT MACH 10 ffcaheor Veer sneerno — of -f 
2 CHKD BY DATE —. pro. no J Pie’ 7o 
Perini y_ STfres: wos 1 Cylinder (continued) 
RE US Ai ew { 
i. 
ba Stress [ay hen oe Ty (Ss? 
ran ; “ “ 
pose ee fF. be fase 
(6 - a", 
PP te COG psy 
ZF. )U6. E)UF00 
bi = aa Fa 53,/28 per 
lve sy (14) ] 
The feo Sfress Intensity fs derived below: 
hep ae is gal Tangential or 
t r= (b> - a*) Hoop Stress 
aé (p-p+) 
Fata SS Samp (Radial Stress 
ae e peCE sae) ) 
S=.-G (Stress Intensity) 


tt 


For a = /4#, b=/8.5" and p= /5000 psi 


a 2 Z 
m= SESee He (342.25 + r4) 


[5,000 if) 
= dz - = ar} 25 
S= -G. age @e 42,25) 


2 
S = 70,205, /262/ (4) 


| ‘ 


noe Sate Se ae EAS 
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Pi myn ys Str ee) (continued) 


' 
P = 4.5" 


POI 
NL 


; r=/8.5 c M 
I= fs | vSer (0, = #S 


b {= 7 vo 
Pore: S 
~ 
y- 16.25 —Fr ; iG : 
$2 70,208. 208/(4) ‘ 
IEE “4 
_ ra 25-r)(70,20 soe) (AY 
(4 
9.508 
é Ge 5 r 


4 
Z sa ae 16.25 
R= 4074097,816 |=e22 -s = 


si Mabe. Ube pp (18.2 
f, = 4.077,097.8/6| 14. 18.5 ed ie) 


Fi =(4,077 097. 8/4)(0.0036225048) NE LOT Pal 


Therefore, the Maximum fy,.t & Stress Intensity 135: 


fin th = 53128 + 14,769 = 67,897 psi 
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Krimary Fressure Stresses in Cylinder 
Compared to the Allowable Stresses 


ies “Calculated ALLowakle 
cle As A) 0 ek ak 
SSIES Sm = 67,500 pss 
67,897 5 Im = fol, 200 psi 


Sy = [25-006 pot 
ee ae Ss. LK. : 
Qe Ym = = = 67 500 pS! 


Stresses in Cylinder gre due To Qt} 
infernal Fressure of [4000 pyi, 
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APPENDIX 2B 


FATIGUE EVALUATION OF THREADS 
ON RIGHT END CLOSURE 


of 
MACH 10 HEATER VESSEL 


Se emaltah 


FATIGUE EVALUATION OF ‘THREADS 


The fatigue analysis calculations used to calculate 
the fatigue desiyn lite of the threads on the right end closure 
of the MACH 10 Heater Vessel are given on the following pages. 


The calculations are divided into the following parts: 


(a) Summary of Loads on Main Cylinder Threads 


(b) Equivalent Pressure Calculation for Maximum 


Thread Load 
(c) Edge Displacements for Detailed Model 


(d) Maximum Stress Intensities and Maximum Displacements 


in Thread Subjected to Highest Thread Load 


(e) Fatigue Analysis of Stress Gradient at Thread 


Root Radius 
(f) Fatigue Life of Threads on Right End Closure 


(g) Fatigue Curve for Body Material of the MACH 10 


Heater Vessel 


As shown below, a fatigue design life of 640 cycles 


was Obtained for the threads on the right end closure. 
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C.4F CSeoIEteS ; 
C.427629 E44 
0, COS /(4E +4 
.260960EF4 } 
6.968 0/3 E44 
i ee | 0.247 3217 E+4 
OALA BSI ESA 
OSELBOLET 4, 
6.299247 Et4 
oO, {10 508 Et 9 5 
-O2TTACIEF4 |] 
O, (2b E +4 
0.94 8761 Et , 
0,252 032 E+ 5 
0.156454 E+4— 
C287 740F+4~ 
0,9900o23E +4 
0.657870 E +4 
0.9 J0of dE + F 


OF ZAI ETE > 
0./2 7856 E¢G JOINTS EFS 


0,282274E4+4 
0.37790TE+4 | 
0.695919 Et¢4 J 
0,729 762Et4 | 
of fofoz Ets 
0.49462 /7/28E+4 | 


TELBLOYEF? 
0.932402 E4+4 


OAS2ZETIZE +2 


0.f2071S6E +S 


Oo. ipeeee IES 


0. /42 24 5E44 


O.24FEDIOIE FS 


0.877773E #4 


O1CFTI/F EFS 


0, /o72826ET5S 
0,1(840782 E+ 


}, HER SCIBE TS 


ENGINEERING DESIGN & ANALYSIS SERVICES 


23-3 


O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


DATE EIBIEGs SUBJECT MACH {0 floater Vessel SHEET NO. es OF 6 


DATE 


pros. no J F/2 70 


Ferces on Main Cy Linder (corntinyed) 


Fx (Lbs/rad) 


{82 : 
/62 ae ee 
lé4 vo. (8B45/ FE +3 


“O.2TIB82IEF31 | 
eS C.27 2B21Ete I 


~0,300400E4+4 | 4 


156 6.300dooEt4) |. 
2/0 OF4 7025 E-7 

a |G -o, 5550/0 ae 
off oO Vo/oE+? 
21 -0.92 14€E1EF3 1 6 
ele oO P27V46(E 43 

2) 2 “Od 1VGZZE FAY 
aD be OL 16% 2E4+4 

tae | oe O.596046E-T7 

aa | B22 ~O.9 59 046 E+2) fs 
228 222 | 0.459046 E+?) 
228 224 |-0,J/63/07E+4 | 
£24 234 | 0/6 2/07Et4) 
ae a 225 |-0o, 54607/Et4 | 
ete 225 | CO SFBSTIET4S — 
ce b4 y 0.44 7035E-7 >: 
264 -0, 41449 Et4#| . 
E65 0.14144 FE t4 
265 -0.253706E+4 
266 0.252706 Et+4 
266 =O. (6/IC2ETE h 
267 0.TOLFO2EF4 
24 O.596046E77_ 
29 ~C.2089J0E tA | | 
£92 0.208990E +4) 
292 -0,354058E+4 
293 0, 354056 E+4 
29% ~0.872706E+4 } , 
pie: [CO STZTOG ETF) 
43 0.44 7025E-7_ 
2/8 0.2 BEPVISE+4 
olf 0.cB8 955 E44 
oy -O.4884/0E+4) | 
22 O.48B4/oE +4 


“a fOB FBC ETF 1, 
©, JOB 986 EFT 


(O.447005E-T | 6. 450792 Et4 


Fy (ead 


pues OZ 12791 EFT 
0.826/02F +4) 
OIZIFAOEtS | 
Speen ee POUT IIOIOE EL 
0.656427 E¢4 

og 02 23 
eee O1525 774 E45 
COB F2TETA) acs gegen, 
Oo, (DB (c4 EE Jer? FLIES S 
0, DORE (LZ E+ 4-\ 
e(60Ce5 Ets J 
O,8B0LIZEtA 
Ee OL (GBBT TES 
0.77/54 E+4 
0.142966 Et 
042/265 E+4 | 
OATIGEBEFSS 
0./[|5550 Ets 
O.B7TFUTE+4 | 
0, {[4725E+ 5S 
0,./06026E4+5 
0.152477 E+ 5 
0.5/5 986E+4 
OATIETIEFSS 


0.146242 EtE 
a2ge > 
C1eea bE Ty fO22 UBTEFS 


0.2 OF 5502E +5 


OZ FOECLERE 


0.243 /205E+5 


0.2238 /45 E45 


02022665 Et 
O25 B5(ZEFS 


O.2 308776 E+ & 


01262 BEET 
O./2B55Et¢5 : 
oO, ee 0.272285 ECS 


arene ae 0.23 70837 EtS 


O./E5OG2ZEFE 
0, (220648 F 45 
OfrsT5e4E +5 


O17 FZ8ETE ory 
PIEPeiEBt a one (PEG 


O.455974EF at es 2 


OT ILICE TS 


7 


2B 
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 
DATE i-/9f? 7 sussect MACH /0 Heater Verrel  sneet-no OF _ 
DATE pROJ.NO JI/z2 70° 


a 
© 


py Ji PP 


CHKD. BY 


i“ 
~ 


( 


Forces CH) fat Cy Linder Ccestinved) 


i ee ee en ee ee eee Ee ae ee ee eee ee ee ee ee a — 


looth [Element | No sie E (Lba/rad) Fy (Lbs/red) 
pete a eg i eee epee enplaslaeste Ssero Sse Soe ag a eae Sn, Seatac hide cate lan Sas “eee 
345 ATG 2298082 E-7 0.229408 FF 5 
oa 5 477 2/74 6CBOEt4 OIF STEfZE TS). sex, 
td 411 | 0,277468Et4- 0.151244 ary REA TEOGE EY 
} 246 476 |-0.62927¢6Et4 ae ae eyes 
247 478 O63937Et+4 RAP CLO DELS Gee 4 Pia) 
34-7 477 |-o. Les aoe ae AOASTIE FE) 
: 248 | 479 | ol2270eeteS° | c.lydccg ed G JOPPA CR2E te 
272 5/2 S LIES 7 0.286 700CEtS 
ay gd o8 el -O.496697Et4 SUES eestoer eer 
273 Fs 0.4 976697EF4 ONS 7ETEHS 
8 373 SI4  |-0.840966Et4 C.ISEBBBEFE < 
474 514 | 0.840966Et4 0.1728f2 Earths 
3/4 GIL |-0./66040EtS C.2ITESVE+4 | ; 
| | 275 | 5 J olecegoets SEE Aaas ee ae 
| 19 648 |o./49ol2€-7 2534 (4 E+S 
i Be 544 "0.625744 Et4) D202 ee 
| foo 5449 | 0632744 E44) ° 10183407 E +5 [7 F5GOl4 Ets 
| 4oc Lo eee ee O. SaLETENSS . 2 
gor | 590 |opoagqeras® los 77EsTEHa JOP POTEt? 
4o| G5F{  |-0.202 ee) 0.2199 70E +4 4 
_ | 402 | 51 lozozcarerss? lolrezagetsf OFF? 
r 4.26 584 10,/49012E-T7 O.42974922EF+5_ 
42.6 585 |-0,828820Et4 OLIGITOE TE). gs 
427 585 0,828830E+4 J ° C,/87246 Epes ere 
| © 427 586 j-0,/39262EtFS O/2Z50/4 ES ne = 
428 586 O(27262 EF 5. 0, (56622 es, Sa i ales 
| 428 GET (cree 7B/TEFS. 0, aA 
: pa | cedtairers sy? | ccle7ai eh oh OG SESEETS 
620 0.14 qof2 E-7 |) Oo SL0463 EE 
Gé/ -0, | (0544 E+ 0, 254204 F 45 ; 
62) |e Nos44etsS CRAP sengesees 
622 |-0,/80825E+5 C.7IZ0F4F Et 4 Es : 
622 | 0/80825EtS 0.7602 2, E44 [ol PIA eS EFS 
656 0,74 5058E-8 0.@0o/4 59 Et 5S 
G57 |-a159650 a 0,205 248E tS oe = 
657 | o/S4enoErS J © eo Oe ee 
é¢2 -O. 14 E058 E-B 0.6 Tisesers) 
612 [-of96679EtT 6, brea aed 
61% | OL9G67TIEF SJ SEsin Tere ee Ee 
72 8 -0.74 VC5BE-8 ny ap T2643: 
729 = |0.228488 F4 4 VAGITIOEF A ie 
727 |oncageeerss LO BATHAEREL CORSETS 


TROT NCENEDN ere ae om tL ces ca ee ee armen eee ote oe 2 Savas Sek aeis Soe 5 


2B-5 
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, FENNSYLVANIA 
sy i fr DATE 12af[77 susiect ACH /0 Hleufer Vor: el sneerno 7 oF 
CHKD. BY DATE ae a pro. no IF 7c 


perGtn Cony Mai Be dri (continued) 


Ee rasth Element Nex ie Fx (Lks/rad) Fy (6s /re J 
onan 14 Oe, os -0,745058E-7 
Fol (65 | oH TSIBEt4 | OT4VFNEF2| © 
Us ae 765 -c. f/FF/BEt4 —0, 74 V50(E Sf 
| eS 756 O4ALVIIA E+4 | | ©.16 8592 Et | F 
562 166 |-0.464//4 E+4 “-C. (6B 592 E44 J 
G2 767 | ologossSE rd], |- oF 52256Et4 
524 wef OL JO IOBCE TEE) PCP S2S8CEIF) — 


Check By Examining ume Plug ae 


Fy (lbs/rad) Fy (1b5/rad) 


-C. 125637 ES -o. TES HOVE F4 
0.13 5637EtS -L.94682IEt?2 
-0,77B8896E+4 -0,f0/222E+5 } 
0.77 BEIGE -C,.755¢49E +4 
-a0f 21097 Et 4 -O,((FIYZ ERS 
C42/097Et4 -0,f279728EtS 
~¥. 46/136 E-6 =0,2258 1/4 Et S 

-2.9 (1764 E +4 -0O.253240EtS 

See 0, 860836 Etd J ~ FFI F226E FS 
-c, /868707Et4 | -0,.251202 EtG 
0. /887TOTE+4 sa F/AIP ERS) 
-C,L20766E+4 " 1-0. 159466 LET : 

}, 2 5erecE ras ° a iealtoens pro 2etess Ets 
O2°OHGCE-G  |-O./6C5B8SEETE 


-0. 880695 (E+4 
-o. f/ TEBEIVE+S 


—0,243/21E t5 


-O,4F 2252/E¢5 


i 
i 
\ew/ 
i 
| 


ENGINEERING DESIGN & ANALYSIS SERVICES 


ey (26F 


CHKD. BY 


O'DONNELL & ASSOCIATES, INC. 


PITTSHURGHM, PENNSYLVANIA 


DATE Leta sussect A/ACH /o Heater Verret! sueerno 4 of & 


DATE 


pros. NO J //e 70 


pummary ¢f Forces on Main Cylinder Threads 


mee 


~R WB OANA H~90 Sp HWaAWON 


va Fy (Tefal) = 


OC FITBSTS | 
O21/8 65907 
0,29589169 
0.3326 B56 
O4.2923876 
0,504 558 
0.578°9 B/ 
0.653 746/ 


0. 
oO; 
Oo, 
O. 
if 
fess 
le2Tos-| 
[. 
ie 
CG: 
O. 
oO, 


TIPB TAT 
807207 
8862977 
9625033 
0538742 
[520869 


3094962 

091/085 

832/79 

7770853 

8/2357096 
Oo 


(4.8875 7268x109 Srad 


[ZF, (Teta t)]- Cos (5,03°) = (4.83 x0? Lbs). 


p= 15,000 psi 
F = LGece) r#(2ases) 
/ 4 e#) 
2 Fy (Tetal 
= FY (Ave) = eee 
=F, (Mux) 


2. Fy (Ave) 


= /.759/ 


Agree 


= 14.8310" !6/rad 


= 0.74 4378634 Xlo? Loopy 


2B-7 
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 
ev BF pate 12/9/77 sussect MACH /0 Heater Vessel sneerno 6 of 6 


CHKD. BY . DATE Deda PROJ. NO dPie 70. 


Re! tag 
; bree 
1 or Aas 
ee 
hy ~ 
: Q w ~ 
[ ce o~ 
t~ ley 
mM TaN i 
a x9 iis 
4 
a N 
ba ge i 
ae y+ 0 S| 
; “tb ‘V) by = 
“D Mm oat Ta 
a @) i 
[ ee 
e § 
aa (ye us 
ct 
w? 0) 
; 
\~ t~4 
= 
a 
QO 
ir 
\ 
0) 
~O 
= 
-) 
> 
“o 
0) 
U 
tg 
ee 
| —_ a cae a tb 


(Yor peyY | 4aho) 
i ODE OSES Bol Ul pea, “Wo DD40-f 


B-8 
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 
ey LEP pate le-/7/77 sussect MACH (0 Heater Vor el sueetno /. of / 
CHKD. BY DATE sists 6 PRO. No VFL 76 


fotal force on) Jooth t+ 6 (bedy) frem The Overall 
Model = [. 3094262 X 105 lbcfrad 
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N : ee ae: (1.3094-262x105) «Cos (5.02%) 
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Fig. 0.29. Suess Distribution about a Circular Hole in a Bar 


cular hole, Fig. 6.292, has a high stress gradient at the edge of the hole. 
[f the load is just suflicient to bring the peak stress up tu the endurance 
Ba Inuit, a fatigue failure would hardly be expected since the voluine of 
taterial at this stress is zero. A finite volume of material must be at the 
endurance lint before a crack will form, and to_obtain this volume of 
material the endurance. timit stress must ‘exist at some finite depth, 8, 
below the surface; therefore, the steeper the stress vradient, the higher 
the load required to produce fatigue failure, Fig. 6.290 
‘The dimension, 4. is a property of the material; and, in general, 
hard, fine-grained materials have small values of 6, Whereas soft, 
coarse-urained materials have larger values. The relationship between 
8 and stecl tensile strengths, based on correlating fatigue data and the 
shear theory of failure is shawn in Fig. 6.30. 
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Fie. 6.30. Material Constant 6 vs. ‘Pensile Strength for Steel 


For the body material , the Tensile Strength 
is {25 ksi and §& i3 Equal to 0,00/25 inenes. 
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thove Stress 
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Acfi Timoshenko and Goodser, Theor y_ of Elasticity, ee: 12 


The ohress distribution in the Vicinity of a Small 
Crreular fiole 7 


in the middle of a plate subjected Tr 
Uniferm Tensrcn i5 given by: 


ae </> [i - ey | 4 fy | +- 3(4/r)". +h) ces 
i Bll + @y]~ A [i+ (Myf [coree 
Fo =~ Z[I- 2bh)'+ 2 Oi) ] onze 


WhEH OO, T/-4 =O and the prinCipal Stres 
hm Pe[e ro Ort shy | 
o= BE + AY 


Phe Stress Intensily is given by: 
SI. =|, - 


a) = Ale + chy cChy] 
= sf1+3@)*- 2)" 


Seume that the stress 
the Thread roof radius 


Ses a Pe 


intensity distribution at 
has the same form as the 
intensity distri be tion ! 


=S|I+A /r)"- B(Vr) Zi 


Where: qz= Thread Roof Radius = 0.09375 sh, 


r= at &, In. 
5 = bistance from Surface , in, 


SoA and B are fhree Unknown Constants, 
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x from ANSYS Kon GLAND T, (a/12/77 


O= o.09 775 ih = 4; 
0.05275 in. 
At Ch) = 1, SE = 114,767 psi 


At (ie) = 0.88968, S.[. = 73, 128 psi 


At (/r,) = 0.7/456, SI. = 62,697 psi 


The Known “Stress Intensities at the above Three 
Locations Can be Used to evaluate The Three ; 
Unknowns ir the Stress Intensity Distribution Equation, 


Pe ae $.I. Distribution 
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Sh = Sit +A hr)t- B(ny | 
() Ye) sy (14,969 = S(1 + A- B) 
() O/r)= 6966 = 95/28 = Si + 0.626524 - 0.79153 B) 
Whee 46 62,6972 SU +0.2607/A - 0, 51/060 B) 


ESAR AGS a = 
ra) lt A-E 
(1) into (2): 
q3,jaa = LEI) ocsesad sale Oe aa © ee 2 
PEACE 


12/26 + 94 128A — 93,/28E = //4,969 + 72,040.37794 - qj col. 4/25 B 
21077.¢22/ 4 - 2,126, 5674 B = Ore 
- 4.92088/728A —- B = /o.27e44agr 
Ul ante 63) % 
2,617 t 62,697A — 62,6978 = [{4,.%I + 2,973.568 A - 58,7¢3.1714 B 
=3)723,432A - 3,993,82868 = 52,272 
3./9947724A - & = /3.088/93/2 


1.92088/73EA - E = 102709455 
- (6193499344 — B= 12.088193/2)_ 
[127982 318 A = = 2.8177 4762 
A Raima race ay 
EB = -26.4523625 66 
S = 4,452,296909 
? a 4 
D. = 4,452.216909|| + 26.4536 2586 (%) - /.621222997(4%)° | 
| APO) Shy STS 14969 par 
a At ae 86968, S.I.= 73,128 ps; 


\ 


At (@/r) = 6.7/4 56 yy Aone 


62,697 psi 
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S\ 
by 
ii 


2 ce 
4, 4F2,296909 | + 26,4526(6.9868) —/.63/e (rv. 7868) | 


112,265 psi 


\\ 


Therefore, the Stress Intensity qt the rect 
ef Thread Ne. 6 ‘cn the bedy where the thread 
Lead 15 G Maximum and Equal to |, 3094362 xlo* Lbepad 


S.L. (Max) = 112,265 psi 


Case He eneenaenee Meweset Salshcinabnumine errant etaenesnly 
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haght End Closure Aas Interrupted Threads : 


Compof er Nesulfs are for Continuous Threads. 
~~ Thetcfure, Ferce and etress on these interrupted 

Phroads wilh be calculated by ratio ny Up 

the revolts for Continuous threads, 
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| Equivalent Force on Interrupted Thread | 
| Zoey al ee) ee Basar. 

ue & Lis = 

Qe = 667627 © 
3 Ss 
Fe = BO OG 9627 


Therefore , The Maximum Stress in The 
intetruptfed threads (953 


SMdy = 2:0¢6/2(12,265) = 227,708 psi 
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Fatigue life ef Threads on kight End Closere 


Shange (Max ) = 22 1, 7O8 psi 


| a ae 114,854 psi Sy = [29,000 psi 
Smean = 114,854 psi Sys 123008 pet 
Satt + Smeqn = 424,708 psi 
Salt < Sy and Sait & Smean 7 %y 
“ Sineah = Sy ~ Satt 


Smean = [20,000 —/{4,854 = 3 1/46 psi 


7 74 ere) = /(6,826 psi 


[35,000 


The Decryh life from ASME Paper 

No. 76-PyP-62 for ASTM A-722, Cl. 2 

Material ith a Factor of £ on Stress 
and q facter cf 20 on Cycles 13s 


N = 640 Cycles [Design Life | 


Since the theoretical fatigue curves from this paper 
were obtained on small polished specimens tested in air, factors 
must be applied to account for size effects, surface finish, 
environmental effects, and scatter of data. Therefore, a factor 
of either 2 on stress or 20 on cycles, whichever is more conser- 
vative at each point, was applied to the mean failure curve to 
obtain a design curve which accounts for these effects. These 
factors have been contirmed by several fatigue tests and simu- 


lated service tests on models of components. 
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APPENDIX 2C 


FRACTURE MECHANICS EVALUATION OF THREADS ON 
RIGHT END CLOSURE OF MACH 10 HEATER VESSEL 
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Crack Growth Rate Anqlysis ef Threads 
on the MAcH /0 Heater Vessel: 
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pase eu ames (ACH lo Heater Vessel sneet no a. OF 5 
DATE ; PROJ. NO TP/2 7a 


BASIC ASSUMPTIONS 


Thread Material (5S Mod. fied 
AISI 4340, oF “gun Steel” 
This {Ss ne designated ASTM 
A-723, Class 2 Maternal, Assume 
this Material has the fellowsng 
Properties: 


54S [35 cco psi 
Sy = /20,000 psi 


Kre = [oo Ksi Vin 


From Reference (1), the Crack growth 
rate fer this material is represented 
by the felfowing Equation: 


= 2.25 
oa = 0,66 xo 8(Ak) 


Where : da _ Crack Growth Rate, 
aN inches/cycle 


Ak = Stress Intensity Factor 
Range, KsiVin 


Assume there (s a ‘thin Surface defect 
oriented hnermal ,.te fhe Maximum 
Surface Stress At the inside Surface 
of the thread roost radius where the 
Maximum Stress occurs, 


Assume that The Stress Range /s 
Equal fe the Maximum Surface Stress. 
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; a: PROJ. NO JP/Z2 79 
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CHKD. BY DATE 


Procedure sven in Reference (2) will he 
followe 


l. The Fracture Toughness, Apc, (9: 
Kre = /oo ksivin 


2. From Reference (1), the CracK Growth 
Rate, do/dn, is ° 


da _ n 
da _ -8/ AK) For 434¢ Mat'l 
= ay ea 0.66 X/o kK) Es Ref, (1) 


Where : da. = Crack Grewth Rate, inches/eycle 


C,= Empirical intercept Constant 
AK= Stress Intensity Factor 
Range, KsiVin 


N= Slope of daffn/ Versus 
Log AK Curve 
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| Procedure (continued) 


The Crack Growth Rate Equation From 
Reference C1) is Shown in the Curye below, 
Note that the Equation (S an Upper 
bound of the plotted data, 


$2 10.66 210 Scan? 2 


> Inch per Cysle 


WHERE OR, IN bss /o9ck 


“ao 
aN 


4340 STEE 


2 


© gy = 13088) (896 ¥N7 ee) 


© gy 180 bs (1241 MR’, ' 
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| 


CRACK-GROWTH HATE, 


t Orsi finch 710998 wN/m3/2 
{Cinch> 254mm 
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"FIG. 9- Fatigue-crack growth in 4340 steel of various yteld siren atts 
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Containing a Thin (a/fxeo) Surface defect 
oriented ~ normal te the Maximum Surface 
Stress, the Critical Crack depth, %&,,/s: 


ao Ké , 
KAcprp = 7.25 Foe {Minimum den) 


sy DBP oate 2ft9f77svesecr MACH Jo Hedler Vessel sueetno © of D 
: CHKD. BY DATE pros. no J P/2 70 
E Procedure (centinued) 
| 3. Fer a ThicK-Walled Pressure Vessel 


Where: A¢,= Critical Crack Depth, inches 
Ke = Fracture Tevghness, XsiVin 
O-= Maximum Surface Stress, Ksi 


4. The Numker ef Cycles te grow Te 
has Critical Flaw Size (faslure) / N, 1S 3 


2. ell i Jae 
Where: N=Number of Cycles to Farlure 
Qi =initialL CracK Depth, tnches 


Nn = Slope of da/tN Versus 
Leg AK Curve 


Qe, = Critieéql Crack Depth, inches 


Co = Empirical intereept Constant 
for AK in pai viz 


Ag= Applied cyclic Stress 
Range, psi 


M=/.25 97 
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Threads on Kight End Cheseure 


If = Al = 221,708 psi and ky.= 100 ksi fin 


a I. Kpe= [00 keifin 


aS 


2. Critiegl Crack Lepth 
= / ook 100,000 ree 2 “ 
do ee 1.25 I (£3928,) 0,0482¢0/ 
. Cycles To Failure 
Co= 1173664411 x10"? for AK in psifin, 
(n-2)=0.a5  M'@ = (.25 1) "= 4.659264564 


(w 


i} 


| a AT” = (224708)"" = [155170983 x jo!” 
| —t_ eg ——*____ = |. 460667858 
| ale (0.048Z¢o/"” 
| , 
| Nl = 1,266,423 554 par -I-4c06e7056| 
ole |1.266,433554 ) 
' AN + 1,8497,838787/) 
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Q; Vervus N fer Threads on 
Right End Closure ,S=AT= 224708 psi 
Arc = /0o KsiVvin a 

ASTM. AP 71223Gl 2 Material 


ee 
inches 
0,046223 
004-4282 
0,0348987 
0,021672 
0,02 5664 
30,0212 2& - 
0.0/45 0 
0.010079 
0,007//8 
0,00/52] 
o,ocols7T/ 
0.c0000/(%65 


= ( 1266.4 33554 J 
(AN + 1 849,838787 
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APPENDIX 3A 


FATIGUE EVALUATION OF THREADS ON 
DOWNSTREAM END OF MACH 10 HEATER VESSEL 


STRUCTURAL EVALUATION OF MACH 10 HEATER VESSEL/NOZZLE AREA 


The downstream end of the M10 Heater Vessel and 
Nozzle area is shown on Drawing 77-F-1131. ‘The design pressure 


for this area is 15,000 psi. 


EVALUATION OF THREADED CLOSURES 


There are three major threaded closures in the M10 
Heater/Nozzle assembly. These are: (1) Heater Body/Left End 
Main Nut, (2) Heater Body/Outer Housing, and (3) Nozzle Block/ 
Piston Block. The external loading consists of 15,000 psi 
internal pressure up to the Left End Main Nut plus 4,000 psi 


preload pressure exerted at the piston block. 


The first task was to determine the load paths in 
the assembly. This was accomplished by use of a coarse model 
of the entire assembly. The boundary conditions imposed were 
those before rupture of the diaphragms. The total axial 
pressure load exerted on the assembly is given by: 

6 


e 2 os 
Prop = 1(14)%(15,000) = 9.236 x 10 


lbs 

By taking various cuts through the model, the load being 
transmitted through the components can be determined. From 
Run ODAND4V (1/12/78): 


UA ke ere pow rodlen 
: / 


Heater Vessel Body 


11.1 HB x10" 
fe ee ee eg meet > 
12 Dar rs | 
(6) s MBE 
i. eo a eke cee vw — — - oe - i3 : sacs | 
omni 
ikon ee 


\ Larus ny, | 


F = 2n(11.148 + 3.552) x 10° = 9.236 x 10° lbs (Tension) 


Tm 


3A-2 
Outer Housing 
L@l/rso” 
pears” ---- ~ bcd 


PS ORAL S55) 4% 10° S 1989 0° Abs. (enstow 


Housing, Particle Separator 


1.928 1105 
eo ie Saag G0 


rays 28 xsd 


F = 2n(1.928+ 1.238) x10°=1.989x10° lbs (Compression) 


Left End Head/Thermocouple Ring 


0.058 x10= a 


Seesaw. 5 el peel? 


i LYS) x10 


\ @A 


5 = 6.905x10° Ibs (Compression) 


F = 27(.441 + .658) x 10 
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THREADED CLOSURE - DOWNSTREAM END OF M10 HEATER 


The configuration of the downstream end of the M10 
Heater is shown below, along with the imposed loading obtained 


from the overall model. 


1.93910" | OUTER HOUSING ie 
a : 
nee 9.236 (0° 
HEATER BOLY ps 
rei os, taste a ies « Pas = i 
Peet 
| 
LEFT ENO |, F=/$,000 P51 


HEAD 


DBEFOCE KUPTUEE 


The ANSYS finite element model for this area consists of 1985 
lsoparametric (STIF42) elements. The threaded connections 
between the Heater Body and Outer Housing and between the Heater 
Body and Left End Nut are modeled by 27 element teeth. The nodes 
common between mating threads were coupled together if they were 
found to be in compression and let free if they were in tension. 
Only the normal direction was coupled, and the nodes were free 


to slide tangentially. No friction was assumed between threads. 


The resulting isostress plots of the various components 
are shown in Figures 3A-1 through 3A-5. The maximum stresses 


occurring in each component (exclusive of threads) are listed 


below. 


re 
aa 

w 

i 

> 


Ref. Run ODANDTX (2/3/78) 


| Maximum Stress 


Component Intensity (psi) Element 
Heater Body 67,200 1021 
Outer Housing 28,900 1716 
Nut 78,000 251 
Head 51,000 82 


The distribution of forces along the thread interfaces 
is plotted in Figure 3A-6. The overall finite element model of 
the downstream end of the heater vessel does not have sufficient 
detail in the thread areas to adequately analyze a single tooth. 
This was accomplished by imposing the loading conditions (inter- 
face forces and boundary displacements) from the overall model 
onto a detailed finite element model of a single tooth. The 


most severely loaded tooth in each interface was analyzed. 


The total interface force was converted to an equiva~ 
lent pressure applied to the area of contact between the two 
teeth. The corresponding boundary displacements were linearly 
interpolated when necessary to obtain nodal displacements for 
the detailed model. 


Figure 3A-7 shows the stress intensity isoclines for 
a typical tooth analyzed. The peak stress intensity in each 


tooth is listed below. 


v 


Ref. 
Component o,{max) psi Location Run No. 
Body/Nut Surface of 
Tooth No. 5 Pearone Element 103 PPEnEse 
rece areal 49,400 Element 289 ODAND2E 


Tooth No. 6 
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Left End Head 


FIGURE 3A-1 - DOWNSTREAM END OF HEATER VESSEL 
ISOSTRESS PLOT OF STRESS INTENSITY 
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Left End Main Nut 


FIGURE 3A-2 - DOWNSTREAM END OF HEATER VESSEL 
ISOSTRESS PLOT OF STRESS INTENSITY 
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Heater Vessel Body 


FIGURE 3A-3 - DOWNSTREAM END OF HEATER VESSEL 
‘ ISOSTRESS PLOT OF STRESS INTENSITY 
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Top of Heater Vessel Body 


FIGURE 3A-4 - DOWNSTREAM END OF HEATER VESSEL 
ISOSTRESS PLOT OF STRESS INTENSITY 


Outer Housing 
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FIGURE 3A-5 - DOWNS'TTREAM END OF HEATER VESSEL 
ISOSTRESS PLOT OF STRESS INTENSITY 
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FIGURE 3A-6 - FORCE DISTRIBUTION ALONG THREADED INTERFACES 
; DOWNSTREAM END OF HEATER VESSEL 
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FIGURE 3A-7 - DOWNSTREAM END OF HEATER VESSEL 
1SOSTRESS PLOT OF STRESS INTENST'TY 
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FATIGUE ANALYSIS OF BUTTRESS TOOTH 


The maximum stress intensity occurs in the 5th tooth 


of the MLO body/outer housing thread interface and is 133,800 psi 


at the surface of element 103 (root radius area). 


| the stress distribution across a section containing a cir- 


o, ‘Endurance 


limit 
(a) (0) 


Fig. 6.29. Stress Disuibution about a Circular Hole ina Bar 


cular hole, Fig. 6.294, has a high stress gradient at the edee of the hole. 
If the load as just sufheient to bring the peak stress up to the endurance 
Hinit, a fatigue failure would hardly be expected since the volume of 
material at this stress is zero. A finite voluine of material must be at the 


material the endurance bimit stress must exist at some finite depth, 4, 


below the surface; therefore, the steeper the stress gradient, the higher 
the load required to produce fatigue failure, Fig. 6.20h 

Vhe ditnension, 6, 1s a property of the material: aod, in general, 
hard, fine-grained materials have small values of 6, whereas soft, 
coarse-grained materials have Larger values. The relationship between 
6 and steel tensile strengths, based on correlating fatigue data and the 
Shear theory of failure is shown in Fig. 6.30. 


30U 


Tensile strength, ks: 


ashi ii 


ce bee = os 
Qoor =O002 0005 OO 002 005 


8, inches 


Fie. 6.30. Material Constant 8 vs. Tensite Strength for Steet 


—. 
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For the M10 Heater Body, the tensile strength is 135,000 psi, 


Which gives a "6" of 0.00125 in. 


We must, therefore, compute the stress intensity in 
the area of the root radius at a depth of 1.25 x 10°? in. It 
Will be assumed that the stress distribution in the vicinity of 
the root radius is the same as that around a small hole in the 
middle of a flat plate subjected to uniform tension. From 


"Theory of Elasticity," Timoshenko and Goodier, 2nd Edition, 


nage 78, the stress distribution around the hole is given by: 


3.28 [2- ewe Steals) 2 (2) ] cos 28 
= s[i+ aie §[1+s(2)° | cos 26 


+ 


2(2)°] sin 20 


4 
'ré =-§ [2 - 3(2] 


When 0 = Ce Es 


= 0 and the principle stresses are: 


EP ael eV] 
oo E20) © 2] 


And the stress intensity is: 


5, =8 [2 +3(2) - (2) | 


Therefore, the assumed distribution in the vicinity of the thread 


root radius is: 


| ees [a +a(ay : (2) | 


where: a = thread root radius = 0.09375 in. 
r=a+t+o 
5 = distance from surface, in. 
S,A,B = constants to be determined 


If the stress intensity at three points in the area of interest 


are known, S, A and B can be determined. From Run ODANDTX: 


09375 | /33,800 


./0809 | $5,100 


/5026 | 4/,100 


Solving from S, A and B from the above yields: 


S = 30,022; A = 4.1075; B= .6502 
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A plot of this equation is shown below: 


P Dee of CAIs \. o re 
/ 20,000 (es sf O98 es 7Bl, % oad 


Sp = /98 000 


nN 

4 
8 
8 
0 


50,000} 


st ee Eee 


Sn a fe ee ee cca fect ee ee fe 


25 50 75 1.0 (3) 


Therefore, for the fatigue analysis, the maximum stress 
intensity is: 


Oo, = 128,000 psi 


The stress intensity range for one pressure cycle is: 


ORANGE = 128,000 psi 
Sarr = 64,000 psi a = 126,000 psi 
OMEAN = 64,000 psi o> 135,000 psi 


The following procedure for accounting for the effects of mean 


stress is from: 


Snow, A. L. and Langer, B. F., "Low Cycle Fatigue of Large 
Diameter Bolts," ASME J. of Engrg. for Industry, Feb. 1967. 
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Sapp + Oupan = 128,000 
Since Onrp < os and San + oMBAN > Oe 
OuPAN = ey = Ont = 120,000 - 64,000 = 56,000 psi 
Man 70 aur _ (7) (64,000) 
eq 
5 - [a+ tem] ofa (aI 
Seq = 86,700 psi 


This equivalent stress will be used to enter the fatigue curve, 

Figure 3A-7A. This curve is from ASME Paper No. 76-PVP-62. Since i 
the theoretical fatigue curves from this paper were obtained on 
small polished specimens tested in air, factors must be applied 

to account for size effects and scatter in the date. Therefore, 

a factor of either 2 on stress or 20 on cycles, whichever is 

more conservative at each point, was applied to the mean failure 

curve to obtain a design curve which accounts for these effects. 


The Design Life for a aq of 86,700 psi is: 


N = 1,900 cycles 
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THREADED CLOSURE - M10 PISTON BLOCK/NOZZLE BLOCK 


| The configuration of the M10 Piston Block/Nozzle 
Block threaded closure is shown below, along with the imposed 


loading obtained from the overall model. 


——— /,989 X10” 


J75TONW 
BLOCK 


BEFORE /UPTURE 


G 
NO2Z2LE BLOCK 89X10 


The ANSYS finite element model of this area consists 
of 1027 Isoparametric (STIF42) elements. The method of handling 
the threaded closure is the same as for the downstream M10 Heater 
model. The Nozzle block contains 8 - 2" diameter holes ona 
17-1/2" diameter bolt circle. To account for the increased 
flexibility of nozzle block due to these holes, the modulus of 
elasticity, E, was adjusted as follows: 


v 


_ Area excluding holes é ; 
Emop * Area including holes * 3° * 10° psi 


53) 
" 


6 ‘ama 6 : a 
MOD (0.7715) (30x 10°) = 23.14x10° psi ; 


This modified E was used for those elements of the nozzle block 
which are within the annulus formed by the holes. To account 


for the resistance to rotation imposed upon the nozzle block by 


ee en oe nee 


the nozzle throat insert carrier, all nodes along the inboard 
surface of the nozzle block were required to have the same 


radial displacement. 


The resulting isostress plots of the various components 


are shown in Figures 3A-8 through 3A-10. The maximum stresses 


occurring in each component (exclusive of threads) are listed 
below. 


Ref. ODANDM1 (1/23/78) 


Maximum Stress 
Intensity (psi) Element 


Component 


Nozzle Block 21,700 


Piston Block 25,100 


Outer Housing 15,300 


The distribution of forces along the thread interface 


is shown in Figure 3A-11. Again, a detailed model of the Piston 
Block tooth #4 was 


used to determine the stress state in the 
tooth. The method followed was identical to that used in the 


previous section. The maximum stress intensity occurs at the 


surface of element 135 and is 23,600 psi (Ref. ODANDXA - 2/27/78). 


Even though tooth #4 is the most highly loaded, 
Figure 3A-9 shows that the maximum stress intensity occurs at 
the last tooth (#9) and is greater (25,100 psi vs. 23,600) than 
that obtained from the detail tooth model. Figure 3A-12 shows 
that the piston block and outer housing are undergoing rotations 
which will induce large hoop forces:at the upper end of these 
components. This increase in hoop loading is the major factor 
contributing to the larger stress intensity in the last tooth. 
AS a result, the interfacial loadings and boundary displacements 
from the overall model for the last tooth were imposed upon the 
detail tooth model. The maximum stress intensity from this case 
(Ref. ODANDKJ - 2/28/78) is 24,200 psi at the surface of 
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FIGURE 3A-8 - M10 NOZZLE BLOCK/PISTON BLOCK CLOSURE 
ISOSTRESS PLOT OF STRESS INTENSITY 
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FIGURE 3A-10 - M10 NOZZLE BLOCK/PISTON BLOCK CLOSURE 
ISOSTRESS PLOT OF STRESS INTENSITY 
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; FTGURE 3A-11 - FORCE DISTRIBUTION ALONG THREADED 
INTERFACE PISTON BLOCK/NOZZLE BLOCK 


FIGURE 
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3A-]2 - BOUNDARY DISPLACEMENTS - 
M10 NOZZLE BLOCK/PISTON BLOCK CLOSURE 
(Ref. ODANDM1) 
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| 

i element 135. This value itself is less than the 25,100 psi 
value obtained from the overall model. ‘tThe purpose of the 

: more detailed thread model was to account for any localized 
stress concentration factors in the tooth profile. However, 

| the primary loading on this thread is hoop stress which will 


not localize itself. For purposes of the fatigue analysis, 


the value of 25,100 psi will be used. 


The threads on the M10 Piston Block are interrupted 


as shown below: 


Percentage which is thread -- sh) =*7503% 


Therefore, the stress intensity must be increased 
by a factor of 2, i.e., 
50,200 psi 


(Or) Max = 


which relates to a design life from Figure 3A-7A of 


N = 400,000 cycles 
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APPENDIX 3B 


FRACTURE MECHANICS EVALUATION OF THREADS ON 
DOWNSTREAM END OF MACH 10 HEATER VESSEL 


The procedure followed herein is outlined in detail 


in Appendix Cc. 


The thread material is modified AISI 4340, or "gun" 
steel (ASTM A-723, Class 2), with the following material 


properties: 
oO : 
a 135,000 psi 
oy = 120,000 psi 
Kio = 100 KSI Vin. 


From the stress analysis of the detailed tooth model, 


Ouax = 133,800 psi 


The critical crack depth is: 


100,000} 


gti 7 . 
cR * [25a (s3s555 =. Oe 182 ans 


a 


The cycles to failure is determined from: 


15 


1 
Co = Meh 13 10°? for AK in psi Vin. { 


4 
{ 
{ 
(n- 2) = 0.25 m/2 = (i2Sqy 2892 = 4.6593 
d 
i 
1 


(Ac)™ = (133,800)7°2" = 3.4239 x 107 


1 
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Zz 


= cycles to failure = “aay | ig a7? 
(n-2)C.M Ao ay dap 


G 1 
(.25) (1.1737 x 107?) (4.6593) (3.4239 x 1077) | ors ] 


1 
4272.6 | —o-35- 1.2763] 


From which: 


= 
I 


Pee ee en: ily 
i” LN + 5453.1 


We now have a relationship for determining the cycles to failure 


for various defect sizes. This expression is shown in Figure 3Bel. 
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APPENDIX 4A 


PRIMARY STRESS EVALUATION 
FOR 
MACH 14/18 HEATER VESSEL 


Peery isveateinemivaimne epramugina 


4aA-1 


l. Primary Stresses in Cylinder and Liner 


The primary stresses in the cylinder and liner 
section of the MACH 14/18 Heater Vessel due to an internal 
pressure of 46,000 psi and a shrink fit of 0.017" on the 
radius between the liner and the cylinder were calculated 
using a Special-purpose computer program. The resulting 


stresses are listed and compared to the allowable stresses 


on pade 4A- 2 


L 
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- 


Liner Stresees Compared 


to the Alluwahle Stresses 


Egltelated 
Cl epee) we There (pS) 
any V5, G8 5m = 89,000 


ee fe te erent tn meng tte ttt fe ee Ne me 


Rint Fe [21,960 


Allowable 
_ Stress (psi) 


Sfyee. 


1.95 = 12G,000 


Sfres+es in Liner Are Ove fo 
Liternal Fressure of 46,000 psi 
and Shrink Frit of 0.0/7" on Radivs 


Sy = [60,090 psi (Assured) 
Su 


Om = = = 80,000 pei 


& 
_ 


Cylinder Body Stresses Compared 
te the Allowable ffressee 


stress Calculated ALLowable 
Category Stress (psi){ Stress (psi 


lo7, O86 15S), = 108,750 


Stresses in Cy Linder Body Are Due 
to Infernal Fressure of $6,000 psf 
gnd Shrink Fit of 0.047" on Kadius 


Sy = 145, 000 pst Sy = (30,000 por 


for Cy Linder Body 


— Ym = = = 72,700 psi 


eo te ee cn Se 


MAXIMUM STRESSES IN LINER AND CYLINDER BODY 


The maximum stress intensities in the liner and 
cylinder body due to an internal pressure of 46,000 psi and a 
shrink fit of 0.017" on the radius between the liner and cylin- 


der body were calculated by hand. These hand calculations are 


given on the following pages. The resulting stresses are 


summarized in two tables on page 4A-7. 
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Maximum Stresses in Liner And Cylinder Fudy 
Reference 2 Ltrength of Mafteriqls, Part I, 
Timo ShenKo , PP eil/-274, 
LOPE, ( aps & [ Tangential =) 
| f= ( Hoop Stress 


J, = aaa £) {Kedial stress) 


re 


| Pressure Stresses 


a= /2" b= 20 pj = 46,000 psi 


(2) At Inside Courface of Liner (r=/2") 


tage 6,00 2 2. 
Mozy U¢ = Ue) iSa", ee) [ + (22) 
(20)" -(2) 


= — 46, 000 psi 
5 = Ty ~Op = 142,750 pyi {Stress Intensity) 


(b) At Inside Surface of Cy Linder (re pee") 
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Pressure 


Shrink Fit 


2 (15.5)? | (20) (2)*] 


Pp = 4,113 pst 


(6) At Inside Surface of Liner (r= 


She Pie se ates ae 
Oy be - ae (esp “Gey 20,5 3 P d 


C oO 


(c) At Inside Surface of Cy Linder (r=/5. 5" 
; = P(b*4c7) _ Shee + (20) a 


Ce Go)* ~ (/55)4 


[6, 484 psi 


It 


On 


I 


dp = —p =7 t 113 pst 
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ree Ure Files, Cann byes pes ses 


«CQ At Inside Surface of Liner (r=/2" 


q = 77, (EO 220,525 = ca, 2/7 psi 
(ye = — #6, 000 to = — 46,000 pst 
Ss = 0 - Op = 123217 psi 


(4) At Inside Surface of Cylinder (PE7e =") 


T= ca + 16,484 = 85439 psi 
or ey a a —21,3/8 psi 


I= Ve a 7, = Shes 
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Stresses jn Liner and Cylinder Bedy Due To 
if y 
F6,0u8 pet Internal Fressure Only 


At Inner Surface |At Inner Surface 
of Liner. ___ ef Cylinder 


T, Hoop (pSi) 


Stress % 


Radigl (psi) 


Stress 


gS 
sae | 


a ofress 


Intensity (psi) 


Stresses in Liner and Cylinder Bedy Due to 
4é,ooops! Infernal Fressure Flus 0.0/7" Shrink Frt 


ef Liner of Cylinder 
Kops, (5) | 77,217 85 429 
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APPENDIX 4B 


FATIGUE EVALUATION OF THREADS 
for 


MACH 14/18 HEATER VESSEL 
ORIGINAL DESIGN 
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FATIGUE EVALUATION OF THREADS 

The fatigue analysis calculations used to calculate 
the fatigue desiyn life of the threads are given on the 
following pages. The calculations are divided into the 


following parts: 


(a) Summary of Loads on Main Cylinder Threads 


(b) Equivalent Pressure Calculation for Maximum 


Thread Load on Bottom End 


The first part of this appendix deals with the 


bottom end of the heater, while the second half concerns the 


outlet end. 
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Zhy (Total) = =) 336,872.76 Lbo/rad 
[2F, (Tetac) ]-cos(7") = 3,5/2,000,4/5 Lhe} 
Agree! 


C= (46,008) (24) > _ 


Ee: /2., 000 Lbslrad 


: ¢ GF) 
ba ata = “wii Fe ‘Tot L) 
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stresses in the first thread. The detailed thread mode? 
ed in Section 5.2.3 in the main body of this report, which has 
geometry typical of the second and subsequent threads, was used 


to calculate the maximum stresses in the threads other than the 
first thread. 


M 14/18 HEATER VESSEL bOTTOM END 
Original Design - P = 4€,000 psi 


Load Stress Range 
(lbs/Radian) (psi) 
308,628.%* 


378,338. 


Thread 
No. 


356,468. 


352,199. 


144,921. 


*Maximum Surface Stress Intensity from 
Model with Elliptical Undercut 


These results indicate that the highest stress occurs 
in the second thread. 


The detailed thread model described in Section 5.2.2 
-in the main body of this report, which includes the elliptical 


undercut on the first thread, was used to calculate the maximum 


The results obtained from this evaluation pro- 
cedure are shown in the following table. 
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Lalculute Maximum Equivalent frev ore on Thrord 


The Maximum Thread load occurs on fol Three. 


| 


‘te «(Total Ferce on Thread No, en trem 


the Overgll Model = 256,468 Lbhe/pa 


Tetul Fo = 2r(256468) Lbs 


Fax - 


Pe 2 5 
Areq = ae [@59779)*- Us.706 5)"| 
req = Cee (7°) 
a . - 
Fraax — Area = Max, Fressut e 


aye (256, 468). CosCT* 
erm a7 = 82,412.29 psi 
pt [U8.9775)°-Us 7065) | c 


Brgy = 82/412.29 psi 


Laee yi eapall 
aaa! ve Pa =_——_ 
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PROJ. NO TPl270 


Ohigimt Thread fressures fer 
O 


ginal Design, 


Mach [4/18 
THREAD 


nbs e/Rad tiie 21 


Bottom End of 


Heater Ve ssel 


“Thre sed. Loud | Th pewa . Je 


(psi 


/ 


- 2565, 


82, 4/2,24 
“i 425.93 


(|, 430. 7 
44 AE alii 


2.24 


_ 2 (THREAD LoAD) - Cos(7*), 


G 1775) —(15 7063))] 


P= 0.22119/259 (THREAD LoAD) 
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Determine Material Constant, & 


The stress distribution across a section Containing a cir- 


g Endurance 
' dent 


' (a) (0) 

L . . 

\ Hig. 6.29, Suess Diswibution about a Circular Hole ina gar 

\ . 

3 cular hole, Pig. 6.294, has a high stress gradient at the edge of the hole. 


Hf the foal is just sufficient to bring the peak stress up to the endurance 
finait, a feigue failure would birdly be expected since dhe volume of 
rtler tal at this stress ie ZUTO, * Finite, volonie 2 ob ate ol Haast beat the 


caaieetaht Tala mice ect SUFeSS MUSE EXISL att Sane ede wes 
below the surface; therefore, the steeper the stress gradient, the higher 
the load required: to nivelince fatigue failure, Mig, 6.296. 

‘The dimension, 8, is a property of the material; and, in general, 
hard, tine-grained materials have small values of 6, whereas soft, 
coarse-grained jmiaterials have larger values. ‘The relationship between 
6 and steel tensile strengths, based on correlating fatigue data and the 
shear theory of failure is shown in Fig, 6.30. 


Tensile strength, ksi 


ooot o002 0005 Odl 002 005 
8, inches 


Vig. 6.30. Material Constant & vs. Vensile Swength for Steel 


af ait 


For the body material, the Tensile Strength 
‘s /45 Ksi and § /s ‘Eg val to 0.00/05 inc 
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Calculate Stress Intensity at LVecth & 


Aet! Tinech enkKo and Goodier, Theory of Elasticity, P- Jo 


The stress distribution in the Vicinity of a 
vmalk Circular hole fn the middle of a plate 
~ubjectrd te Uniform Tension ¢S given by: 


T= Al -Ch) | t all # 3%r)*-4(%)* |ces 2g 
= Alle GF] Bl +2 Qh)" ]eos2e 
Tle =- oI - 21%) + 2 (ry | Sind& 
When @=0, yg=O'and the principal Stresses are: 
Gr = Sele + 2@/r)t- 76 Yr)” | 
Oe = Ya [WN Oy] 
The Stress Intensify is given by: 
S.I. =|0;-0e] = S/ 2 +6(Y)'- 6(/r)" | 
= sf + 3@h)t-2/' | 
Assume that The stress intensity distribution af 


the thread froef radius has the same form as the 
dbove <Etress intensity distribution: 


S.1. = s[i+ ACH BOY | 


Where : @= Thread Rocf Radius = 0./08 jn, 
oe ee 6, in, 
5 = Distance from Surface, in, 


3A and 8B are Three UnKnown Con stants. 
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For and Thread From ANSYS Run PDAND YF- 12/74 
Qh = OJOS en, 
EL FB te = 0.118 fn. 
hr, = 0./42 tn. 
At @)=1, 9.2. = 191,388 psi 
At (We) =0.11525, 6.1.= (4/227 psi 
At (@/5) = 0.75524, 5.0.= 77,50! psi 


\ 


iH) 


The Known Stress Infensitres at the above 
three Loca fiens Can be OS ed to e Ve luate the three 
UNKnewns in The Stress Intensity Distribution Equation, 


a I. Distribution 
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ors [1 + ACK )* - aly | 


celving Ear 5 A x ofS 


S = 34664,29/3 
A = 5.2456 
B=0,724F 


Se 24,664.293] | + 52.456 (%)*- 0.7244(%) | 


at (Vr) = 1 $.I. = /97/,388 ps: 
At (Yr) =0.9525, S.I.= 141,225 psi 
Sad At (2/-) = 0 15524, S. f. = age Case pst 
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At fe ate 


fr = o.fo8 + o,6o0foF = ClOT OS iH: 


Re PB = 0, 99037 


¢ 4 ~ 
S.[. = 24, 664.2915 | + 5.2456 (6.99027) — 0.7244 (c.1407) | 
ide = (Ot Lea psi 


This Stress intensity must be multiplied bee FS 
tellowiny Fuctor te Account far the taper rusted 
Threads son the E.offom Endi 


Factor = (45)=s-0425 eas to 44° interrupted 


TAregd in every 7O™ Art 


fhereferc, The Stress Infensity at the root 
of Thread Ne. | on the Beffem End of the bedy 
where the Thread Logd is @q@ Maximum and Equat 
to 256,468 lbifrad (5% 


S.I, (wax) =(£¢-)(104, 965) = 378,338 psi 
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hg (Max) = 278,238 ps 
Sait = [64,169 psi Sys [2056 Sp Sr 
Sane /87/¢ 9 psi Sy = (45,000 psi 
Since Sgt > Sy, Smean = © 
+E 
a = 
Su 


Tne Cesign Life from the Fatigue Data from 
ASME Paper No. 76-FVF-G2 For the body 
Material “with q Factor of 2 on Stress gn 

wy, cf Fac for of 2O on cycles (S% 


N=126cycles (For 2% Thread) 


Since the theoretical fatigue curves from this paper 
were obtained on small polished specimens tested in air, factors 
must be applied to account for size effects, surface finish, 
environmental effects, and scatter of data. Therefore, a factor 
ot either 2 on stress or 20 on cycles, whichever is more conser- 


vative at each point, was applied to the mean failure curve to 


Obtain a design curve which accounts for these effects. These 
factors have been confirmed by several fatigue tests and simu- 


lated service tests on models of components. 
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friction load ing - 2 Thread - OF ginal Design 


ASSume E = Tan iG 


f= 6, fe27a & 


NS 52,19) ees 7) = 44.9 72, 7027 2) Radian 
9 N= (249, 573.7621): (cos 74) = 346, 968.0923 Radian 

FN = 42,602,325 ‘“/egdion (f= Tan 7°) 

Apply FX =-C At Nodes joo fe lo7 48 Nodes) 


42,602,325 _ ,- Lbs 
C= beh 28? = F3a5.29) bef iy,,, 


Fore een reerere aaemerete 


Fugy = 23H G1259.N = 869215.99 psi 


, 


The fatigue evaluation of the second thread on the 

| bottom end of the MACH 14/18 Heater Vessel original design was 
redone for an internal pressure of 28,000 psi for no friction 
between the threads and for a coefficient of friction equal to 
0.122785 (Tan 7°) between the threads. The resulting fatigue 
design lives for these two cases are shown in the following 
table. 


Stress Calculated Fatigue 
Location Range, psi Design Life, cycles 


2nd Thread 230,293 
(No friction) 


2nd Thread 
(With friction) 257,071 


Va Re. 79 eh seat 


| 4B-16 
OUTLET END OF HEATER VESSEL 
| The following figures show the distribution of forces 


along the 32"-1] and 25"-1 thread interfaces. In both cases, 
the maximum load occurs at the first tooth. This load must 
be converted into an equivalent pressure for use in the 


detailed tooth model. 


| 
| fi 7° 


ce E 
ko 


Given the total load on the tooth F (lbs/rad), 


the equivalent pressure (Pao) is: 


2 2 
AREA _ Oe = By 
RADIAN 27 cos 7° 
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For the 32"-1 threads: 


FP = .°4,493 «10> Ibs/raa 
R, = 15.667 in.; R, = 15.964 in.” 
a Peo = 94,949 psi 


For the 25“-1 threads: 


F = 2.059 x 10> lba/rad 


a 
I 


i267 ins Ry = 12.464 in. 


ss PEO = 55,872 psi 


The material constant 6 is the same as for the bottom 
end of the heater, 6 = 0.00105 inches. The same procedure is 
followed in determining the stress intensity at the depth 6, 
as was described for the bottom end. 


32"-1 Threads 
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Frou ANSYS Run ZDANDRB, 7/24/78 


r= 12881 
ry = - 14871 
r= .16861 


At (a/r)) = -826, Oo; = 195,073 psi 


148,668 psi 
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85,024 psi 


Therefore, the assumed stress distribution in the 


vicinity of the thermal root radius is: 


a 4 a 2 
S[{l + A(=) - E(>) ] 


a 
1 


where a = thermal root radius = 0.10891 in. 
r=a+ 6§ 
6 = distance from surface, in. 


S,A,E = constants to be determined 


Using the above three equations and solving for S,A,E yields: 


S = 244,357 
A = 2.560 
E = 4,382 
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Therefore, for the fatigue analysis, the maximum stress 
intensity is: 
0, = 204,127 psi 


The stress intensity range for one pressure cycle is: 


OpaNGE 7 204,127 psi, oy = 130,000 psi 
Sanur = 102,063 psi, 0, = 145,000 psi 
OMEAN = 102,063 psi 


Snow, A. L. and Langer, B. F., "Low Cycle Fatigue of Large 
Diameter Bolts," ASME J. of Engrg. for Industry, Feb. 1967. 


ALT OMAN = 204,127 psi 


Since Saup < oy and Sxrg * SuEaN > Gye 
Suan s Og a 20008 = 102,063 = 27,936 psi 
. Tarr ? (7) (102,063) 
a = pees 


eq 3 3 
, MEAN _ 27,936 
8 E ee | A E - (2235) 


113,340 psi 


tl 


) 
eq 


This equivalent stress will be used to enter the fatigue curve. 
This curve is from ASME Paper No.* 76-PVP-62. Since the 
theoretical fatigue curves from this paper were obtained on 
small polished specimens tested in air, factors must be applied 
to account for size effects and scatter in the date. Therefore, 


a factor of either 2 on stress or 20 on cycles, whichever is 


more conservative at each point, was applied to the mean failure 


a 
eee 


pote ee 


OE 


curve to obtain a design curve which accounts for these effects. 
The Design Life for a Lee of 113,340 psi is: 


N = 650 cycles 


25"-1 Threads 
Following the same procedure as outlined in the 


previous section for the 32"-1 threads, the maximum stress 


intensity is: (Ref ANSYS Run ODAND5Z, 7/24/78) 


At (a/ry) = ,826, o, = 130,986 psi 
(a/r,) = .730, o, = 105,039 
(a/r3) = .634, o, = 94,835 

i= 228,607 psi 


The 25"-1 threads are interrupted, therefore, 
this stress value must be increased by 


44a = 2.045 


Since the finite element model assumed the threads to be 
continuous. Therefore: 


0, = 467,501 psi . 


The stress range is ORANGE = 467,501 psi 
Sape = 233,750 psi; oy = 130,000 psi : 
Co) : o) : 
MEAN = 233,750 psi; Me 145,000 psi 
onrg + Ompan = 467,501 
Since SALT > oy 
Raq = Oar = 233,750 psi 


This equivalent stress will be used to enter the fatigue 
curve. This curve is from ASME Paper No. 76-PVP-62. Since 
the theoretical fatigue curves from this paper were obtained 
on small polished specimens tested in air, factors must be 
applied to account for size effects and scatter in the date. 
Therefore, a factor of either 2 on stress or 20 on cycles, 
whichever is more conservative at each point, was applied to 
the mean failure curve to obtain a design curve which accounts 


for these effects. The Design Life for a Pag of 233,750 psi is: 


N = 70 cycles 


—_—-_ —_— = op 


APPENDIX 4C 


FRACTURE MECHANICS EVALUATION 
OF THREADS 
for 
MACH 14/18 HEATER VESSEL 
ORIGINAL DESIGN 


Fracture Mechanics Evaluation 


The procedure followed herein is Outlined in detail 


Qn 


in Appendix 45C. 


The thread material is modified AISI 4340, or "gun 
steel." This is now designated ASTM A-723 material. Assume 


this material has the following properties: 


io) 
i 


145,000 psi 


u 
S = 130,000 psi 
Kyq = 100 Ksivin. 


The calculation of the critical crack sizes and 
the curves of cycles to failure for various initial defect 


sizes for the threads on the top and bottom ends are given 


on the following pages. 
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For 2”4 Thread for P= 46000 psi 
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/. Kre = /oo KsiVin 


2. Critical Crack Peeth 


[ ca fonene) 


3 = 9 OFF Ta “ 
ah cay OO 
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3, Cycles To Failure 
lL, = ie eae eee: tix pool? for AK in pee Vin 
Z Bias 
— in-2)= 025 MM = (25m) "= 4.659264 564 


eee: : a 
AE eT epg e Bol Sealer 7s Sie! 


oo = OPA T2229 
Fide mee Coe) eee 
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Bottom End 


DATE 


Cb, Wopeus No for Threads 
on Eotfem End Closore 


Cy AJ 
eel OAS oe 2 ha SY OE Se 
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25"-1 Threads on Outlet End Closure 


If o = Ao = 467,500 psi and Kio = 100 Ksivin. 
i. Ric = 100 Ksivin. 


2. Critical Crack Depth 


2 


Bee ae (00 S10 O11 ai 


CR 1.251 °467,500 


3. Cycles to Failure 


C, = 1.1736 x 1077? for AK in psi/in. 
(ie2) 12-625; Oe eye tO 893 
Ao™ = (467,500)7°2> = 5.715 x 10%? 
ae OVE = ae al ee 
N= 255 [ oh a 1.745] 

i 


eee me ome 
i N + 447 


A; vs. N for 25"-1 Threads on Outlet End Closure 
ree RS ee a ee ee 


o = Ao = 467,500 psi, Kyq = 100 KSIVin. 
ag | N 
Inches Cycles 
01102 1 
01082 
01026 
00939 10 
00223 100 
2.764 x 10° 500 
9902: K¢t0™ 1,000 
2.307 x 10721 5,000 


1.260 x 10713 10,000 
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PRIMARY STRESS EVALUATION 
for 
DRIVER VESSEL 
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Primary Stresses in Cylinder and Liner 


| The primary stresses in the cylinder and liner section 
of the Gas Storage Vessel due to an internal pressure of 
60,000 psi and a shrink fit of 0.021" on the radius between 
the liner and the cylinder were calculated using a special- 


purpose computer program. The resulting stresses are listed 


ern oe 


and compared to the allowable stresses on the following page. 
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Liner Stresses Compared 
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Stress CaLtulated Allowalble 
Category | STr ) Stress (psi) 


=e = 8o 00a 


L 5 Sy, = 120,000 


Stresses in Liner Are Due fo 
Infernal Pressure of 0,000 psi 
and Chrink Fit of 0.021" on Radius 


“y= [60,000 psi for Liner 
ee’ Su 
ev eee 0000 PSs! 
Cylinder Body Stresses Compared 
to the Allowable Stresses 
Stress “Allowable.” 
Category Stress (psi 
| 
! 
i 
Stresses jn CyLinder Body Are Due j 
to Infernal Pressure cf 60,000 psi 
gnd Shrink Fit cf 0.021" on Kadjus 
ES, = /45,c00 psi for Cylinder Body 
- ocr -_ : 
Sms oe = 72,500 POI 
ey mM 2 J? f? 


Maximum Stresses in Liner and Cylinder Body 


The maximum stress intensities in the liner and 


cylinder body due to an internal pressure of 60,000 psi 


and a shrink 
and cylinder 
calculations 
ing stresses 


this section. 


fit of 0.021" on the radius between the liner 
body were calculated by hand. These hand 
are given on the following pages. The result- 


are summarized in two tables at the end of 
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Maximum Stresses in_biner And Cylinder Body 


Reference: itrength of Materials, Fact di. 


/, 


Timo Shenkeo, PP. éll-2/4, 


ee. Li on a 
i 1 ges an (! r é) : Hoop Stress 
2 a® P | ee fi | 
= > - Ss fcgdial sfress 
J. be -Qe / re Radia ) 
Pressure STrevies 

oar Be aa b= 24" pra 60,000 Psi 


Je 


(a) Af Inside Serface cf finer (r= 12") 


* 2)" (62000) 4 | 
(24 - C2)" [ +) 


be) 
2 g\= , 
= 29,000 [ (24 | = [00,000 psi 


Vp =—p, = — 66,000 psi 


Sx Dao Gp based {60,000 psi { stress Intensity) 


(6) At Inside Surface of Cylinder (r= 17.5") 


= 20000 1+ (FA) | ish ES TOiG pst 


= 24. . <2, / Ss; 
t =29,000[] ~ (245) |= -17, 016 psi | 
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Maximum otresees in Liner And Cylinder Bod (continued) 


Chrin = ae ote 


Qeis" $2775" e2eq" 
o = C.02/ 20x 10° psi 
(¢) Shrink Fit Pressure 
peck (cae L2) 
— 2B (C-aF) 
: (sex jo¢)(0.02/)|U7.5)*= cay] (cea) (17, a] 
pS ae Po 
(6) At Inside Surface of Liner (r=ia") 
2 pb _ 2599 )U75)* | 


> 


= = = - 22,480 psi 
-ae (17.5)? -(42)? ? 


(c) At Inside Surface cf Cylinder (r Pa 17s 
p(b* 44) _ GIFS, sVUz7.5)* +24] 


j= 
a C4) = 7.5)" 
ve = EGAEL psi 
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| Naximum ofressesc in Liner And Cylinder Body (continued) 


3. Pressure. kKlus Shrink Fif Sfresses 
(a) At Inside Surface of Liner (r=12") 
Oe = fu,060 —- 22,480 = 77,520 psi 

Tp = — 60,000 +o -—G0,000 psi 


S=%-0, = 137,520 psi 


(b) At Inside Surface of Cylinder (r=/175" 
Vee BEC PATA = 11, OF D psy 
T- = -I7, el SO TRG = Hee oT) por 


5 = ia. = /00,664 psi 
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Stresses in Liner and Cylinder Body Due fo 
66,000 psi Infernal Fressure only 


At Inner Surface |At Inner Surface 
of Liner | of Cylinder 


[00,900 


S Stress 
Intensity 


»tresses in Liner and Cylinder Body Due fo 
Lo,0C0 psi Internal Pressure Plus aiodl” Shrink FI 


ae At Inner Surface| At Inner Surface 
of Liner of Cylinder _ 
[ve ee, wed 17, 09% 
Radial gos ean 
Stress (F i) ae 
STS a a7 F2 
Intensity (psi) 0,664 Paes 


APPENDIX 5B 


FATIGUE EVALUATION OF THREADS 


for 
DRIVER VESSEL 
ORIGINAL DESIGN 
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FATIGUE ANALYSIS OF THREADS 


| The fatigue analysis calculations used to calculate 
the fatigue design life of the threads are given on the fol- 
lowing pages. The calculations are divided into the follow- \ 


ing parts: 


(a) Summary of Loads on Main Cylinder Threads on 
Outlet and Inlet Ends 


(ob) Equivalent Pressure Calculation for Maximum 
Thread Load on Outlet End 


(c) Fatigue Analysis of Stress Gradient at Thread 
Root Radius of 2nd Thread on Outlet End 


(d) Fatigue Life of Threads on Outlet End Closure 


(e) Stress Results for Threads 1, 2, 8, and 9 
on Inlet End 


(f) Patigue Life of Threads on Inlet End Closure 
(g) Fatigue Curve for Body Material of the Driver Vessel 


(h) Summary of Fatigue Design Lives for Inlet and 
Outlet Ends 
At P = 60,000 psi with no friction, a fatigue design 
life of 680 cycles was obtained for the threads on the outlet 


end closure, and a fatigue design life of 133 cycles was 


obtained for the threads on the inlet end closure. 
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Summary of Forces on Main Cylinder Threads 
Sul es on Main Cylinder 7 


& Fy (Lbs/rad) x 07 


— 


é 4.4828 | ~<—Max, (we. 2) 
3 Ee ie eee 

4 3.60678 

5 425787 

A 3.1¢ 850 

7 Faas Kes as Bd 

8 2.82 762 

q 2.64 233 

[Oo 2.44365 

if Ree Ies 

{2 2.00/80 

/2 ETOLGS 

iF 1.50643 

15 [.2230// 

/6 0.92898 

ne 
Fy (Total) = 43, 524465 x Tova LbS/Rad san 


[26 (TetaL)]- cos(7°) = 43, 20004 x jo? be fp adian 


p= 60, 000 psi Agree | 
f= (60,000) (24) _ £3 20000X [07 Lb>fad; 

P 4 (2 1) 1 . ian 

- =F, (Total F 
ZF (AVE) = eee = 2.7202790629 Xl” !SfRadran 


| RY es peep 
a, (Ave) 
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Gays Sforage Vessel 
outlet End. 
Thread Load Distribstiron 


Fy = 2.720279 Xo” Lb/radian | 


v9 


a] 


foo tg = 4 282 OT X jo” 485 /Radian 


aN 


FMax 


= 1.6483 
Favg 


hv oe 


Ferce crn Thread in /O~ Lbs/Radian 
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Ihread Sy Lbs/nadian ) 


al a 


/ 578,07 3: 
pa ei Yas ae ~—— Max (No. 2 
3 245 694. 
4 >) 3, 559. 

iy 291 436. 
é 274,244. 
7 259, O16. 
8 243 BIT. 
‘ 226, O27, 
‘c Bil aie. 
If 194, 2lé. 
|2 176, 756. 
ie 2s; ea Be 
(4 (4A, 497, 
[a p26, 156. 
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18 Bs 094, 
ra CTIA. 
Po GO, Ooo, 2 
2/ 7 
ac. 389. 
22 .G6 
24. 4 
as 2 
2G wou 
27 DG 2 
28 oF. 54 
24 pee Bn tae) 
30 OF5.6 
3/ ee: 
32 28 


ZF, (Total) = 4,3.52,538.243 +68 /eadian 
[ZF (Tetat)}-c os (7°) = 43,2 x107 Lbsfradian = 
des) pe CO, 000 psi 


Ee ~ 60,000) y(a¢ an 43.0 x jo” lhe oe Fe 
| | p FG hed wn 
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Forces on Main Cylinder Threads (continued) 


Fo (Tefal 
ZF (ave) = oe [34,0 16,826] 
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Pal Fy (Max ) _ 
ZF, (Ave) 


= 2.874/ 
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. 4 df - 
Mlgpimom Eyguvalent fressure on 2%! Thread 


Phe Force on Thread No, 2 (Body) -outlef End - 
From the Overall Model = 4.4838/ x 40% 465 radian. 


_ 2(4.4838! x 107) - cos (7°) 


Brae 
is [@8.415)- (8./44)°| 


Max = 87,838,87562 pei 
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Determine Material ConstanT, & 


The stress distribution across a section containing a cir- 


aE TH tate SO Ne ITT SPOT OO I TO 
es eS fe: i Pe Sa Ce) 


limit 


Fig. 6. 29. Suess Distribution about a Circul: ar Hole jn a i. ir 


cular hole, Fig. 6.29a, has a high stress gradient at the edge of the hole. 
If the load is just suflicient to bring the peak stress up to the endurance 

Na, limit, a fatigue failure would hardly be expected since the volume of 
paterial at Uhis stress is zero. A Linite volume af material must be at the 
condurance Hunt beloresecack will foruy snd to obtain this volume of of 
auaterial the endurance limit stress must exist at some linite depth, 3, 
elow the surface; therefore, the steeper steeper the stress gradient, the higher 
the load required to produce fatigue failure, big. 6.29. 

The dimension, 6, is a property of the material; and, in general, 
hard, ne-gramed anatertals have small values of 6, whereas soft, 
coarse-grained materials have larger values. Phe relagonship between 
d and steel tensile strengths, based on correlating fatigue data and the 
Shear theory of failure is shown ta Pig. 6.30. 


300 
2 250 = 
£ Moumum sheor 
E 200 mr 
; & 100 
90 
ouol 0002 000% ool 0 002 005s 
&, inches 
The. 6.50. Material Constant 8 vs. Vensile Strength for Steel 
ae ; 
For the body material, the Tensile Strength 
(S 145 Ksi and § is Equal To 0.00/05 inches. 
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Ket: TimeshenKe gnd Goodier, Theory of Elasticity, p:. 70° 


The Stress distribution in The vicinity ef a smell 
Circular hole in the tniddle of «4 plate Subjected lo 
Tensien is given by : 


Sali) ] + Haft + 2Or)*- 4h) ]cos20 


y= Seft + Ory ]- fi + 20) [cos 206 
Tro. = -~Jo{t-3(Ur)t+ 2 (Yr) | Sin de 


Uniform 


p= 


when @=9,77,= 0 and the principal Stresses are: 
= Sha + 36-5 | 
t= J2[-2r) + &Y | 
The Stress Intensify is given by : 
s.I.=|G.-d] = %[2 +6(%)*- oy | 
= s[f + 2(H)*-3/r)"] 


Assume that the stress intensity distribution at 


the thread roef radius has the Same ferm as The 
dboye Stress intensity distribution : 
s.r. = s[1 + ACh)*- Bry | 


Where: Q= Thread Roof Feadius =0,/08 in, 


et a eevee ce 
6 = Distance From Surface, in. 


s, A and B dre three UnKnown Conchants, 
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From ANSYS Kun ¢oANDAS — 11/9/76 
A= = 0, /08 in, 
rn = 0.1/8 in, 


Fa = 0,/42 jn, 


At (V/e)=0.91525, 5D. = 164,832 psi 
At (“/ry) = 0.79524 S.0. = 94,919 psi 


/ 


The Known Stress Intens;ties «at the ahbeve three 
Locations Can be Used to evaq Luaqte the fhree 
UnKnowns in the Stress Intens; ty Distribution Equa Tron, 


S.I. Distribution 
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ey DBP oarell/4/78 SUBJECT Gas Storage Vessel sucer NO. _ OF. 
CHKD. BY _ DATE Outlet End pros no JV F/270 
we 


Eve Loafing the Constants in the €EyvaTtian 
Ee = slit AGH BAY | 

Revuolts in the following * 

5 = 50, B19, (065 

A= 4.3284 B= 0.9469 

r=at§ ~0f/o8 + 0.00foF5 = 0, [oFoF in. 


6.0. = 2/5192 psi 


Therefore, the Stress Intens: ty at the foot 

of Thread Noa on the Oufle tf End ¢ p. the 
2) Body where the Thread eke) of Maximom 

ne Equal to 4.4828/ x05 SfRradiaqn VSS 


SI. (Max) = 2/5/92 psi 
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ev DBP vate u/)4/78 suasect Ga Storage Vessel sueetno oF 
CHKD. BY _ DATE Outlet End pros. no DP /279 


Fatigue Life ef Threads en Outlet End Clesure 
S, ange (Max) m= a1 5, 192 psi 


Gary = foc, dye pel oT aed [39,000 Pet 


af any: a . : 
Smean = 1042716 pos Su 


i 


Leo, 200 £S1 
Onean= 130,000 =/e7 716 = 22,4 0F psi 


ed cont © — 2 
L : c zs ce 
S oT / + Smeaa | 
[ YU 


The Design Life from the Fatigue Vaty frem 
ASME Paper No. 76-PVP-¢G2 For fhe body 
Material with a Factor of 2 on Stress qnd 
gq factor cf 2° on Cycles /S; 


N= 680 Cycles [Design Life | 


= /(6,569 psi 


Since the theoretical fatigue curves from this Paper 
were obtained on small polished specimens tested in air, factors 
must be applied to account for size effects, surface finish, 
environmental effects, and scatter of data. Therefore, a factor 
of either 2 on stress or 20 on cycles, whichever is more conser- 
vative at each point, was applied to the mean failure curve to 
obtain a design curve which accounts for these effects. These 


factors have been confirmed by several fatigue tests and simu- 


lated service tests on models of components. 
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sy DEP pate 12//4/28 suasect DRIV ER VESSEL SHEETNO / of 4 

CHKD. BY _ DATE OUTLET END prou.no JP/E7o 


Friction Lowdiny -— 2" Thread - Outlet End 


N= 448,281) [0° @)f = 441,721. 584 1! /kadian 
PN = 54,236.59074 £49/Radian 


C= iv. 6,779.5 73284 '8Shegdian if= Tan7?) 


aig = 06.2003628067 N = 


88, 504. 57635 psi 


ea 228,763 pes 


For P=47 509 PS! : 


N= 856 Cycles | Design Life { for P= F 7,500 Psi 


sin te, eA 


( 
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ey DBP cate 12/15/78 suwect Driver Vessel sneetno / of / 


CHKD. BY DATE outl er End PROJ. NO TP 2. 7o 


Ovtlet End -— With Frichion 


jee eee he = ero eee 
GO,000 
U) = 2,06 4 From NOWC Curve) {see page 5B~26) 


Cycles Kemeaining on Outlet End -P=47 Foe psi 


Ne= B56(1- 0.06) = g05 cycles 


O'DONNELL & ASSOCIATES, INC. 


The detailed thread model described in Section 5.3.2 
in the main body of this report, which includes the elliptical 
undercut on the first thread, was used to calculate the maximum 
stresses in the first thread. The detailed thread model 
described in Section 5.3.3 in the main body of this report, 
which has geometry typical of the second and subsequent threads, 
was used to calculate the maximum stresses in the threads other 
than the first thread. The resulting maximum stresses in 


threaas 1, 2, 8, and 9 are shown in the following table. 


Stresses in Driver Vessel Inlet End 
Original Design - P = 60,000 psi 


paneee Thread Load Stress Range 
(lbs/Radian) (psi) 


378,073. 286,574.* 


390,925. 380,900. 


243,857. 210,241. 


*Maximum Surface Stress Intensity from Model 
with Elliptical Undercut 


These results indicate that the highest stress occurs 


in the second thread. ¢ 
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wiDOP px 4/78 sumer ods. Storage Vessel sueerno | or / 


CHKD. BY _ DATE In Let End — pros. no J PIZ7oa 
~ 
Meximuom Equivalent Pressure on 24 Thread 
the force on Thread No. & (Gedy) - Inlet End - 
From the overall Model = 2490, 425. '45/Kuaclian, 
ttle 
Ne 
108 \ 
Payer ~ SNR 
_ted4a® | 0271 
~ f 
18.415" 


2 (390,925) »Ces(7°) 


Pros = ; 
Max ||e.415)*- (6.144)"| 


Pray, = 78, 326,82 psi 


or AE a IE Eo reste sieht Shen: si o = 


5B-1 
] ENGINEERING DESIGN & ANALYSIS SERVICES : 


O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 
ey DBP pate 14/78 suaect Gas. Storage Vessel sneerno | of 2 
CHKD. BY _ DATE Inlet End prou.no J) P/270 
Nee! Original = Design 
From ANY: AUN FuUANDZT- 1/14/78 AL Elements 
OU and F2! 


MENG = OSB Mp SONNE in Te = OAD AN, 


At Gere SLi EV TEL pet 


At Yr) = 0. 1T25, S.L. > ([¢ 2424 psi 


At (A/rz) = ©. 75524, $3.0, = 82,524 psi 


Evalogting the Censtants jn the Equal on 


s.0.= s[ + ACh)*- a(ah) | 


Results in the following : 


SI. = 43 897, 26 4 - 4.35:38(Yr)"- at 402(4) | 


At F=Qtg ~0,/08 +0,00/05 = 0./0905 jn, 


Sig = OIA Fe PSs 


This Most be 


Multiplied by The following 
Factor to Account for the Interrupted 
Threads on The Inlet End: 


S. I. (Max) = (fs (S22) cs To 245 baa 


Thread in Every Go Arc 


Therefcre, the Stress Intensity at the roof 
of Thread No. 2 on the Intef End of the Body 
Where the Thread load js 


qa Maximum 7s ? 
S, I, (Max) -( GO 


29 = )lie7.276) = 380,Joo° psi 
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sy DBP pate u/i4/78 sussect GAS Sferage Vessel sueet no 2 of 


CHKD. BY _ DATE Inlet End pros no JTPl270 
Ww eriginal Design 


Fatigue life of Threads on Inlet End Closure 


Srange (Max) = 380,Foo psi 


Sqtt = 190,450 psi Sy =/30,000 pst 


Sait > Sy , -. Seq = Sait = 1979470 psi 


The Design Life from_the Fatigue Data from 
AUME Paper No. 76-PVP-¢2 For the Bod 

Material’ with q Facfor of 2 on Stress And 
q Facfer of 20 on cycles 


N= /133 Cycles [ Design Life | 


1D 3 
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| BY DBP DATE Wf21/78 suaect GAS storage Vessel sueerno |. of & 
' CHKD. BY DATE In Let End proy. no J P/2 70 
Ww 


eCrigingh = DESIgn 
stress in Lctuil Medel with Friction (fae. 122 7/69) 


From ANSY) Run PPAND4F -/1/20/78 At Elements 
C4 and Te: 


A=, = 2 /08 iN. tae OMB in, z= 0/42 in, 

At G@ =i) S.T.= aif 142 pst 

At (fr) = c. WG29,) Sok Ste YAem pea 

Af (fra) = 0.75524, SI, = 99,964 psi 
Evaluating the Concstanhs jn the Equation 

an ie oa +t ACYr ae By)" | 
Results jn the following : 

5.1. = 42,011, 64/8[] + 4.8350 (%)*- 0. 7140(4), | 
At r=a+t+8 = 2/08 + 0.00/05 = 0,/090F5 sn, 


9 appre ee EES 


Se 208,005 psi 


This Must be MulTfiplied by the following 
Factor To Account for the ‘Inferrupted 
Threads cn the Inlet End: 


“interry ted 
Se GS er en oe oa a ae a p 
mK) za) ) Thread in Every 60° Arc 


herefeore, the Stress Intensity at the rool 
qe Thread’ No, 2 on the Inlet’ End cf the Body 
where the Thread Load (5 a4 Maximum is: 


S, I. (Max) = (é 


oO 
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BY DEP DATE 11/21/78 susvect GAS Storage Vessel SHEETNO 2 of & 
| CHKD. BY ___ DATE Inlet End pros. no J P/27e 
ew’ Original Design , 


Fat Ly ve Spckit Life of Threads on InlefF End Closure 
(wi Frick ron) 


(Max) = 423,060 Pot 


CS 
~ranye 
Sait = 2M, 530 psi 


The Design Life from the Fatrque ee From 
ASME Paper No, 76-PVP-62 For “the Bed 


Material with q Factor of 2 on Stress Ue 
q Factor 


N= /90 Cycles [ Design Life | 


of £24 on Cycles fs: 
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sy DBP pate New/ze SUBJECT Gags storage Vessel SHEET NO é or & 
I CHKD. BY _ DATE Original — Design ___ prou.no JP/270 


e of DFnlet Frd with Friction 


fatiqgve life of. 
mE ho p= 47 Foor psi 
Sranyo (Max) a Fh Zoe. (423,060) = S24, 92:2 pst 
/ 
Yqlt = 107, 46/ psi Sy = /30,000 psi 
Sait > ae a ot re Sei f= (67 4é/ per 
Cycles to Failure, N= 195 Cycles [ Design life | 


2 ASTY. © Pie BRE A 


Serennnrery | een ees 


| 
\ 
1 
| 
| 
| 
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ev DBP oats WS PB sveecr GAS Gtorage Vessel seerno |. of & 
Original Design pros no TP/27oe 


CHKD. BY : DATE 


lf Gae Sforaye Versel 7s operated At fp te pee 
the Fafiger Lift cf the Vesrel wile be 
Changed Ac Fellows, 


Inlet End 


co wert 


- = 5o0e Bien 7 ; 
Orange (Max) = aio cae C8 Joo) = Zo}, 546 PEt 
Salt roa ESE A Be. Psi fy = [29,000 pe 


Cycles ae Farlure | N = 270 eptes| Design Life | 


Ootle} End 


Srange (Mun) = se DO 


ie = ; | Fe 
G0,av0 215192) {70,360 pst 


Sqit = 62 18° po) Sy = 130,000 psi 
Sinan = Oe 180 51 Su = (45,000 psi 
Sait Simean o Sy | “+ Smean = Sy Sait 
Smeqn = 130,000- 85 180 = 44,820 psi 

eis 7 Salt ae, Oe “s oe 


Meg = = Z 
t 8 —|/ + mean 
Su 


° 


Cycles To FajLure, N= |,000 cniee] Design Life| 
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pate //2//78 sussect Gas Sto oe 


. OATE 


Fiody 
Ve a 


This 
As7TM 
of 


5,000 
Io, o00 


Do, 000 
| oo, 600 
Boo, ooo 


|, 90, C00 


Material for Gas 


See 14 5,000 per 
| 20,000 pse 


between 
Material, 
Data Fer 

y is from 


ie as Data 


~ oe oe c diy 


ie 


the Fatiqye 
will be 


Theoretical 
oe € lass 


ae 


2 and 


Therefore | 
Class 
ASME Paper 76- PUP - G2 


756, 000 
bar 000 
| 58, oa0 
}20,000 

B7,000 


78, Ooa 
60, Q00 


FT 4, 000 
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Vessel sneer no. | 
pros. no J F/- 70. 


Storage 


fellLowiny Properties 


ce AGS 


‘Ave rage Ge fy 
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CHKD. BY _ DATE . oo pROS NO TIE SO. 


Fatigue bata fer Bedy Material of Gay cleraye Voosed 


Factor of 2 on Stress 


j f 
Fw, 008 28,250 
[, 009, foxeys) 25, Foo 


Factor of Co 


Design Fatigue Curve 


Bo 
250 
Boo 
2.200 
5,900 
Jo,e oo 
5°, ooo 
[ou v0o 
Doo, 000 


Jaa, Ooo 


WAM$S 34s 


Weed Sree aes 


: aah 


2208 22 eesese 


trent 


Tt 


treglesesd 
' 


id 
5) + 
tt? 
b 

ry 
rth 
+344 
5 


at 


‘ 
+ 
t 
* 


: tHe 347 
eseeees 


i 


tet: 
s44sn 


tit ; 
t+7tttt 


+ 


1 t 


vise abs et some 


meee hig tegen tees Hl fl 


“WAY 30 SV) 


CLIT OP eh m sore OF 49552 V TIsINIy Zo}4 


S3HONI OW K SLO HON & OL Ul ¥ ui 


7 


! 


’ 
farast Siw EE Ss 
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prou. no J P/27e 


Fatigue Life ef Driver Veosct outlet End 
Vs P ond Thread —-wi th Friction 


Fatrgoe Life | Fatiqee Life — 


(eyetes) | _Remaming Cycles) 

47, F020 B56 Bos 

4 5000 9 52 BUF 
40,00 196 Lle4 
$0,000 4,257 3062 
25, ue 1a2l5 602 
Be, 000 2E697 24795 
jgyoce | 176,987 166,208 
7 ee ae 
24,000 12 427 [{ 68 
Da,100 LT Zo7 | Fone 


Nr = Fatigue Life Ke maining 


Nr = 0.94 (Fatigue Life) 


58-28 


Bu abu Dy B47 abs pe 
pel = = 


| 
! 
t 
| 


| paensg| 


pesiu/ py F- eat ssad4y SUSAD/\ 


/ pag fBTLOS Ja s33/ ees ta 5 


4c Eususpuay S227) BrbIIB! 


oo ae cee me ee ee T engl 


) Lorre ~ oo Y ) 
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sy DBP pate (2/15/78 suaect DRIVER VESSEL sHeet No! of 
CHKD. BY DATE INLET END prow. no JD P1270 


Grigmat Bezryn -Intet End =lwith Friction 
(a) Thread No. a 


A ae 4.2 7,060 = Fos | 


Gy, [aveu) 


| oe = 0.22 { From NSWC Curve ) 


(b) Thread No. 8 


Ye AR 


60,000 Tanta e 
/ 


Ue. G06 {From NSWC Curve) 


bycles Kemyining fer Criginalh Design - with Friction 


Ng = 1795 (1-0.222) = {52 Cycles 
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sy DBP DATE 2/15/78 suuect Driver Vessel sHeer no. / 
CHKD. BY. _ DATE Or; ginal Design pros. no J F/270 
New 


Fatigue Life of Threads 
on Driver Vessel For 
frevsure of 69,000 ps/ 


Stress ~ Fatique Vesign 
LocATION Range, PSi i ee ees 
Bila Ea | ain tee | eae cyctes 
outlet End Deo weet ee Se ak er hg a 
me iv ee ee 8, 76 ° ets is sec 


Inlet End 
(No Friction) _ 
Inlet End 
with Friction _ 


Joo Cycles 


Fatigue Life of Threads 
on Driver Vessel for 
Pressure of 47, 500 psi 


Outlet End 
(No Friction) | 70,360 


outlet End 
with Friction is 
Inlet End 
(No Friction) 
TnLet End 
with Friction 


Fatigue Design 
ie a 


|, coo cycles 


B56 cycles 


Ee LORVOLSS 


OF 


APPENDIX 5C 


FRACTURE MECHANICS EVALUATION OF THREADS 
for 
DRIVER VESSEL 
ORIGINAL DESIGN 


CHKD. BY DATE Vessel 
ww 
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ENGINEERING DESIGN & ANALYSIS SERVICES a O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 
BY DBP pare 2/1/78 SUBJECT Gas storage SHEET NO / or O 


PROJ. NO UP/2 7a 


Crack Grewth Rate Angqtysis ef Threads 
on the G 


as STforage Yessel: 


REFERENCES : 


(/) Im hof, By ad. he Barsom, JM, “Fatigue 
and CsEresrone Fatique Crack Growth or 
4340 Steel At pas Yield Strengths “ 
Progress in Flaw Growth and Fracture 
Toughness Testing, ASTM STP 536, 
Américan Society’ for Testing and 
Materials, 1973, PP: /82 -—205, 


(2) Wessel, £7, and ea ae "Aen fracture 


Mechanics Technoleg Lied to 


icK-Walled Niuean As, AP ure Vessels” 
Proc, 


Conf, On Practical Application of 
Fracture Mechanics 


To Pressure Vessel 
Technology, Institution of Mechanical 
Engineers, /97/, 


~~ we —ee ee - 


2 Ay emacntndenineln: 
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sy DBP pate 2/1/78 SUBJECT Gas eens GE sHeETNO 2 of DT 

CHKD. BY DATE Vessel . PROJ. NO TP/27T0 


BASIC ASSUMPTIONS 


l. Thread Material js modified 
AISI 4340, or “gun Steel. 
This is new designated ASTM 

A-723 Material. Assume this 
| Material has the fellowing 

Properties : 


Sy = /45,000 psi 
Sy = /30,000 psi 


Kre = /00 Ksi Jin 


2. From Reference Ci), the Crack growth 
we rate for this material /5 represented 
by the following Equation *% 


Where 3 do. Crack Growth Rate, 
inches/cycle 


Ak = Stress Intensity Factor 
Range, Ksifin 


3. Assume there is a thin Surface defect 
Oriented fpormal te the Maximum 
Surface Stress At the inside Surface 
of the thread roet radius where the 
Maximum Stress occurs, 


4. Assume that the stress Range is 
Equal te the Maximum Surfacé Stress, 


ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC. 
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sy DBP vate 2/1/78 SUBJECT Gas Storage SHEETNO 2. of 5 

CHKD BY DATE Vessel pros. no JT P/270_ 


eG given in Reference (2) will be 
ollowed ° 


|. The Fracture Toughness, Kre, iS? 
Kre = /oo Ksivin 


2. From Reference (1), the Crack Grewth 
Rafe, do/IN, is: 


2.25 J 
-8 ° 3 t 
= 0.66 x /o (a K) = Ref t) 


Where: a4 =Crack Growth Rate, inchesfeycLe 


Co= Empirical intercept Constant 


AkK= Stress Intensity Factor 
Range, Ksiftn 


N = Slope of da/fqn Versus 
LogAK Curve 


ENGINEERING DESIGN & ANALYSIS SERVICES 


O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 
BY DBP DATE 2/1/78 SUBJECT - Gas Storage SHEET NO Ff OF La 
CHKD. BY ____ DATE Vessel pros. no TP/270 


The Crack Growth Rate Eguatien From 
Reference C!) is Shown in” the Curve helow. 
Note that the Eguatien iS an Upper 


| 
l 
i Procedure (continued) 
[ 
| tted data, 


bound of the ple 


do -8 223 
sy 7 066 2 10°F (AKG) 


inch per cyole 


WHERE OK, IN xsi /inch 


cn 
ON 


4340 STEEL - | 


@ oy = 130ksi (896 MN/ m2) 


CRACK-GROWTH RATE 


© Oy = 180 ksi (1241 MN/m*) 


BD gy = 220 ks 11571 MN/m?) 


LOkss finch 110998 MN/m>/2 
tLOinchs 25 4mm ? 


ad 


to 2 4 6 8 102 2 : 4 6 8 ws 
STRESS-INTENSITY- FACTOR RANGE, OK,, ksi /iech 
- ‘ 


FIG, 9-. Fatigue-crack growth in 4340 stecl of various yield strengits 
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Procedure (continued) 


3. For @ thick-walled Pressure Vessel 
Containing a thin (a/txo) Surface defect 
oriented normal te the Maximum Surface 
Sfress, the Critical Crack depth, ac¢,, is: 


a eee . a 
Cr 125 7 64 Minimum er 


Where: Ap = Critical Crack Depth, inches 
K. = Fracture Toughness, Ksiyin 
0 = Maximum Surface Stress, Ksi 


—_ = lel 


4. The Number of Cycles te row fe 
= Critical Flaw ee (failure) N, (33 


2 oe / 


Where: N=Number of Cycles to Failure 
Q; = Initial Crack Depth, inches 


N = Slope of da/dy Versus 
Leg 4K Curve 


Ser = Critical Crack Depth, inches 


Co = Empirical intercept Constant 
fer AK in pstyin 


AT = Applied cyclic stress 
Range, psi 


~ M= /.a5 tr 


tl Mirren mie mayo on ete ie ve eee 
{ 
\ 
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DBP 11/4/78 sussect GAS Storage Vessel sucer no [ or & 
aie ey ne i Out Let End PROJ. NO TP/l270 


Threads on Outlet End Closure 
If 7= A= 215,192 psi 


}. Ane = /Co ksi fin 


2. Critical Crack Depth 


= / eases) a ee ist 
Ser = TBE a 215192 mead 


3, Cycles To Failure 
= /.17366 x10" for AK in psifin 
2g oe (army? = 465926444 
ar” = (215, 192)°°" = 9.973756 B02 xXIa" 


eae ee eee eae 
a 2)/> (c.054 990)? 1°? 


I 
N = 1466.798759 | qeuer - /.4 72434 


=f APCCT ISTE a 
ae N + 2/°7.825536 /" 


© * SATS RAE ID = 55M es 
. kee 


| | ENGINEERING DESIGN & ANALYSIS SERVICES ha O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


ey DBP care 1/4/78 susectas Sforg ge Vessel sueerno 2 of 2. 
eeoaye 2 ibAte Outlet Enel ____ prowno JPlé70 


a; Versus N for Threads On 
Ovtlet End Closure 

Ts A= 215192 PSt, Kre = yore) Ksi Vin 

Medified AIST 4340 Material 


Ay 
inches 
0.052947 
0.050984) 
0.04 558¢ 
0.027953 
0.026628 
0o.0/00/17 
oO.00554 6 
0.002462 
0.00026 43 
0.060 003289 


2 466,798 759 y 
ti “\WP# 2107, B255 96 


v 


Ste a atl A hn tah th eae A AACA E NE weet ate tbe TAREE 


S4ovby gh 23a7cthk- jo uagquin 
goes = Ee ee 7 OF 7 N Co/ 


med 


ave : 326/405 


ee ik 


rae 
to eget 


ee Ae Pi Ce eT ee eerily ee ae 


Mass ee ae 7 re : 


iigsssoj abies er]. 


uf: ge edose7) Puz 2e7nO Uo. 
~o 1 S$ ppadY] 4p -a4n7!by- of -saq oA5. 
, —gnsus\ azig pafeg JIT 


: Jeol 000/09 =y sod: Tassos abeuntS Sh) 
“So GNF LIILNO NO SOVIXYHL 49 


MOHD ON YLIM 


NOTLYOTYAZT SDINVYHIAW FAOLWYY 


wo ‘: ) : she 


| 


f 


Pe ee a bt shies a SSA %» 
. ‘ 


i. 
i 
+ 


1 
f 


i 
wwe = a eee 


et erbort ewe ger tes re, 
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PITTSBURGH, PENNSYLVANIA 
BY DBP _ _ DATE 12/)9/78 SUBJECT Driver Vessel : SHEET NO. | OF 2. 


CHKD. BY . _ DATE out Let End | -_.. pros no VT P/270 


Outlet End - and TArcad —with Frictian -Psz 4.5 COG pst 


If (HA = 174,226 psi and Kpe = loo KeiVin 


l. Kre = foo ksifin 


L. Crifregd Crack Depth 
100,000 000 HW 
= 0.079275 
a aa rer (Seesey 7 


2. Cycles fo Faslure 
C, = LIT 36¢ x ie7 for Ak in psi vin 
: N/> L,/25 : ee 
(n-2) =0.25 Me (Ler a) "=4.659264 564 
a.e5 
AG = (174,226) °° = 6.60925 1488 X10" 


| / 
ofl2d 


ee Se ee [.37260/48 
eee (c.079275) 


N = 2,2/2.478814 aa = I.3728| 


Be (2213.48 7alt 
oN e Sood Dosage. t 2,038.680046 


\ 


| 5C-10 
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC. 
PITTSBURGH, PENNSYLVANIA 
ev DBP pave 2//9/78 sussecr Driver Vessel - SHEET NO & of & 
= CHKD. BY DATE outlet End  _——_—_—_—ss pros. no TD PI27O 


Driver Veseel Oullef End sand Thread - With Friction 
for P=45 7, O00 pee 


Q; Versus N for Threads 
on ovotlet End ete 

T= AC = /71,226 psi, Kre = 100 KsiVvin 
Modified AISI aes Materead 


0,07 721867 
0,076 22/517 
OC TO S187 
o.0b6/164do 
0.047607 1 
0,0 27 22662. 
0,0224 2617 

0,0) 5o 96 5] 

0.008/4./44 
6200/38 7°92 
00,0003 25847 
c,0000 4565 
Co, 0006 33047 
6,0009/29253 


v 


- a; =( 2,213.48 78/4 y 


N + 3,0238,680046 
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BY DBP DATE 1/15/78 sussect GAS Storage Vessel SHEET NO. / or 2 


CHKD. BY DATE Inlet End prow. no J P/270 
‘ead’ 
Threads en Inte End Closure 
[IF [=AT= 360,900 psi and Kye = [00 ksivin 
Il. Kre = joo Ksi fin 
2. Critical Crack Depth 
; - / =2 _199 a00 om ‘{ 
ee een (Gactes) ee et 
3, Cycles fo Farlure 
CC. =/./72¢6 x lowe for AK in psiyin 
kes (n ey ese oe ack Mv = (L257 eS 4.659264 764 
Agen = (486, 900)**"= 3.6043931/77 x 10 
{ 
a ar ee 
Oe ~ (0,0/755169)7 1°? 


N= 405,886147 | rar - 1.65753| 


{ 


ae 405, 88814 7 Ds 
N + 672.7697842 
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ay DBP . vate 1/15/78 sussectTq SF Sforqge Vessel SHEET NO &_ oF 2 


CHKD. BY 


DATE 


"= AT = 328° Yoo P 
Modified AISI 


Qi Versus 


/ 
a = ( 


No for 


Inlet End - 


Threads on 


Inlet End Closure 
Are = /€° Ksi vin 


a, 


0, 019598 
00/38 
2.00984 
C.005 74 
8 
/ 


! 
8 
g 
4 


U-o02 | 
0,0009 
0,000 4 | 
U,000 20GFRBSL 


0.060/0647 


7 
a 


iNChESs jo 


4c5. @88/47 ,. 
N + 672.769 842 


ot 
4440 Material 
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pros. no TP/279_— 
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DESIGN MODIFICATIONS TO 
MACH 14/18 HEATER VESSEL 
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O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 
/4/18 Heater Vessel sueerno | of | 


_ DATE is /79 sussectM 


ey DBP 


CHKD. BY 


prou. no Vv P/270 


_ Bottom 


End. 


. DATE 


- pug weyeg uc jay ? 
e¢ IN wel 4° PUZ apisul 
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Uof,aidy ON | ON PRPAAY]! (Soyo!) (Ss ue ayouw s ws 
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Funes Y aut in 4°N AND tae a a 
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| ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


| apo PF pate 15/79 sumect M (4/78 Heater Vessel. sneer no 


| ono. BY . DATE  Betfom End __ _ prouno TP/2To 
: M 14//8 yeep Vessel Fa End 

| erga Design - P= 46,000 psi 

7 mt eee. Load |Stress Range 

| tbs/Rad ian) psi) 


356, 468. 


352,194. 


765532. 


nr Heater Vessel Bottom End 


oF V. lL Design —- P= 46,000 ps/ 


Stress Range 
(psi) 


_56& 608, 


M (4/18 Heater Vessel Bottom End 
REV. 2 Design- P= 46,000 psi 


ead Load 
RAS re 


Stress Range 
(PSi) 


7 929. 


}15,753.2 |— 


20, 066, 


CE ee 
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0 pug wmejtog uo jan 
UIP] JO PUZ apisuyT 


O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


pros. no J P/270 


8 Heater Vessel. gueer no / 
Bottom End 
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ey DBP 


CHKD. BY 


cal 


"Pesn SPM 9gL2@/°oO x +49 
{fy [uolfri4y fo et oe YLIM 3 aL°N ve 
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buumway Sp'7 Surumway af! 17 
tsi c00'@F=y Uo Paseg Pug woyreg 7TAISSAA 4a,PaH 8//¢/ W 
Palfipopy ue Gurureway ay! 7 anbijpy 40 Aupuwnc 


| 6A-4 


ENGINEERING DESIGN & ANALYSIS SERVICES O’DONNELL & ASSOCIATES, INC. 
PITTSKURGH, PENNSYLVANIA 
BY DBP. oare 2/5/79 ame Heater Vessel surerno_ | of | 
Ly CHK. BY ATE . Bottom End _ =. PROJ. NO TP/279 
M 14/18 Heater Vessel Bottom End 
Original Design -P= 46, 000 PS/ 
Load ~~ 
_(kbs/Radian) 
356,468, 
352,199, 
265, 7/15. 
200,350 
| 54, 211. 
% Maximum Surface stress ena 
From Medel with Elliptical Undercof, 
ae, 


Mi4/ie pias Vessel Bottom End 
2 Design — P=46,000 psi 


Load Stress. Ra 
(Lbs Radian) (psi) js 


*% Maximum Surface Stress ees 
From Model with Eltiptical Undercur 


in a a tt eee BM ad San ans nh MDa MAA UT: isle nae ontte ibis 
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PITTSBURGH, PENNSYLVANIA 'y 


ey DBP __ pate2/2/79 sussectM (4/18 Heater Vess@l seerwo. / of / : 
CHKD. BY ._. DATE. _ Bottom End - _ PROJ. NO TPI279 
ad 


Corrent Ylujye Factor For MI¢ Heater Vexel beffem End 


(a) Thread No. 2 
K= 278, 338 ae 


AOaes 8.2247 
“4 


Os = 9265 (From curve on page 6A-27) a: 


Sycles kKemaining Fer P= 28000 psi 
Np = 575(1-0.265) = 422 cyctes 


Griyinnl Pesign =P tom End — with Friction 


yr f Thres ae (ON No, o e 
422,332 | 
Ke aes = te 
U, = 0.333 { From NSWC Curve) eee-page GA>27) 
Cycles Re maining For Original LC Design- with Friction 
for R= 28, o900 pst 
Ng = 455 (1- 0.233)= 303 Cycles 
ae 


ENGINEERING DESIGN & ANALYSIS SERVICES lai O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 
sy DBF pate 2/5/79 SUBJECT M 14/18 Heater Vessel sneer no. 1 or « 


CHKD. BY _ DATE  Bettom End — PROJ. NO TP 1270 


Current USaqye Facter for M/4 Heater Vessel Eottom End 
(a) thread Ne. 2 
K = 378 298 es 8.2247 
46,000 


i = 0.265 f From NSWC Curve) 


(b) Thread No. 4 


= 281,467 


= 6.//88 
46,000 


UZ = 0.15 {From NSWC Curve) 


(C) Thread No, /0 


Ke IPRS! 12 6 eas 
46,000 : 


oR =O {From NSWC Curve) 
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PITTSBURGH, PENNSYLVANIA 
BY DB is sae/a/TT SUBJECT M/4 /8 He ater Ve Sse Csyeet no 2 ore 
CHKD. BY DATE offom End PROJ. NO TPl2 7O 


ylves Remaining fer. REV, 2 Design fir P= 28,000 pos 
Nx 

+ ee: {Second Thread) 
YD. 


U,= 0.265 


Uy {Four th Thread) 


Ca OF RS: { Tenth Thread) 


B Se tt in: Gar G and U Egual te Lo Nr 
Fat Each’ Theéad* is Het pmined: é 


(a) For Thread No 23 


Ng = 8950(1-0.265) = 6,578 cycles 
(t) Fer Thread No 4: 


Nr = V12(L-0./5) = 14D Cycles 


(e) For Thread No, lo. 
Np = E25 Cycles 
Value of Ne must be Used. 


Therefere, the Cycles Remaining for the 
KEV. 2 Design ¢ The Cycles, 


The Smallest 


. she AR ESS ore eeRI. 


he sete ey gt mn 
a nk eg EN, BNE cat 


ENGINEERING DESIGN & ANALYSIS SERVICES 6A-8 O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


ey DBP a pate2/7/79 suaiecr M /4//18 Heater Vessel sneerno. (1 of [ 
CHKD. BY _ DATE Bottom End  ___ pros. no SP/270 


6.8404. 


{ From NSwWec Curve) 


Ne= 879(1-0. 18) = 721 Cycles 


 pfluaastiee, PR Aeepies 
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ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


sy DBP pate 2ls/79 suasect M 4/18 Heater Vessel sueerno 2 off 
CHKO.8Y —_—__—DATE —— Botfom End : pros. no 0 P/2 70 


Friction Loading — BIT heed SREY. 2 Design 
N= 119,753.2:[cos*(7)] = 114 024, 0176 '8/eadian 
FN = 14,00].61678 '82/padian  {f = Tan 7’) 


caEN = 1750,.208) “!2/gadian 


Faax = 023191259 N = 26,363.67 psi 


Friction Loading - 47! Thread ~ original Devign 
Ns 265, 775. [ces*@)] = 261 768.5645 Lee/Radian 
fN = 322,/4/./3824 442/eadian 

N 


C= FE = 40176429 1b5/padian 


PMay = O23NG/2T IN = 60,516,604 psi 


eS ee ar a eee 


. in tine 0 Pew corm Bln inne ened bei 
or Sin nee sn atti ana ainab a aaiieapa a EE AMR VSS Bt ate Sit A SE oe 
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] sy DPP parel2 2 2/78 sussecr M /4//8 Heater sueetno | of 4 
CHKD BY _ DATE Vessel Boffom End pros. no J P/27a 


Beqring Sfress on Nout 


for p= 2h ve ae The En laa ae 
f= Pa)"(sS000) = 15 e539 626.97 4bs 


The Bearing Sirees ¢34 | 


fa perl wee ' 
 [KE- (12.57) | | 
The E earing Stress Must be 
Leese Tens Sy = /30,000 pS$i, pee 
therefore: 
| F | 
VU 7 wT RP | 58.004 7] 
EF 
Rz, 2 [58.0049 
2 T Sy + 


PEO pig OR pn ee ee 
R2= Jee ETL 4 1g eoe49 


17 ({30, 000) 


uf 
Ro = [4.902762 . 
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| BY D B P DATE [2/22/78 svesect M /4/18 He gter SHEET NO a OF 4 
| | CHKD. BY _ DATE Vessel Boffom Frd prow no JP/E7O 


ey, se 
R 


L ee ee 0 8471! 


| » a Ktcbieen Doo Dds xT 


y nD-A079 317 > O*DONNELL ANO ASSOCIATES INC PITTSBURGH PA F/G 1472 
HYPERVELOCITY WIND TUNNEL COMPONENTS STRUCTURAL EVALUATION. VOL=-ETC(U) 
MAY 79 D PETERSON ¢ E WESTERMANN N60921-76=C=0013 


‘UNCLASSIFIED ODAI~1270-8=-79-VOL~2 NL ae 
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sy DBP _ DATE j2/eefe sussect M /4-//8 Heater ; SHEET NO. oF‘ 

CHKD. BY |. DATE Vessel Bottom End pros.no J P/279 

Naw 
Poy P a 24,990 psi 
Fe - I (24)"(2e, cove) = 13,571, 680,26 Lhe 


: 357 
en 13,571 680.26 _ + 158.004 49 
a Tr (13.0, 000) 


> 13.8288" 


Fey P= 28,000 per hi 


F (24)* (28,00) = (2,666, 901,598 


R,2 13.748" = use Ro =/3.75" 


EAST RECL EEE 


fv 129, 622.3 psi 
bearing tr [U2 75) - -(i2. ay / 


v 


oe; eee 


an ate. 
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BY DBE: DATE [2/22/20 susiect M [4/18 Heater ss SHEET NO F OF ¢ 
: Vessel Boffom End prosno TP/270 


DESIGN 


CHKD. BY . . DATE 


Rev, l 
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} PITTSBURGH, PENNSYLVANIA 
if ay DBP pate 12/27/78 sssecrM ape He qter 7 SHEET NO_ _ / OF / 
| | CHKD. BY _ DATE Vessel Betfom End pros no ee ath 
| REV, 1] DESIGN 


Node Coordinates 


x 

Min) 

L275: 

14, 50° 
EERE (s, 4721 (.@, 
Pre [5.5971 wo. 
[172 | 5, 802093 bo, 
[77/3 15.86521742 Go. 
[712 13.75 blo 
1742 (4. 5 Gl,o 

~ (Boe 12.75 L268 

[843 1¢.5 62.0 
[872 [3.7 > G3. 
(873 4.5 63,0 
19/4 ewes 44.0 
{7/3 14.9 64,0 


eines ie ct ne AA Ma lle a i i i tt te alto 


3200 12.85963496 | G4.265165¢ 4 

B20/ (4./25 64.2375 

2202] 14.390/6504- | 64.26516 504 

S209) Tore | 64.3 

Ble 13.75 64.75 

3205 14, (25 64.75 
Zuo [4-597] 64,75 
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ey DBP oate [2 /22/78 suasect M 4/18 Heater _—_—s sweet No. b pe [ 
CHKD. BY ___ DATE Vessel Botfom End oprosno JP/270 


Rev, | Design 
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ey DBP __ pate [2 Jee2/78 sussect M 4/18 _ Heater _______ sueet no” is or_! | 
CHKD.BY .__ DATE _.. Vessel Botfom End erosno J P/279. 


Rev, ! Design 
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f Ne ceo. BY... OATE Vessel Boffom End rro.no TP/27° 
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i WY 
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- Lye 


iBT 


Rev. | Design 


FT AG Senet (NL ey 2 Same) WE a eed 1987 


P50 a 1949 


{JoF 


2 sy ; 
SR Os a a CE YS DY A ea Oy ae See Ds ey Ses 
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ay DBP. pare 2/79 suasect M /4.//8 Heater Vessel sueerno ! of 
 Beftem End - 


PROJ. NO TP /2 79O 


THREAD LoAps - REv. | DESIGN 


in CLbs/Radian ) 


Be 


f CHKD. BY . DATE 
\nee! 
| LoADS 
| 
G |, 2°8.4 
2 114,648.4 
4 137,157, 
4 [55 48¢. 
a 152,241, 
=: A 222,243. 
7 270,307, 
2) 270,658, 
q 258 5498, 
jo 242,493, 
il 223,709, 
l2 2.04, 934, 
12 [8 1,435, 
= (LOADS) = 


| 4- 
1S 
1G 
17 
/8 


ao 


26 


OD SOL 
| 38, 784, 
(1/8912. 
/00,479, 
83,651.6 
68,494.95 
D4, (OTL 
43, 094.03 
32,598.7 
23,487, 
| 5, 634, 8 
gee 
4,754. 


3,336, B71, (3 465/Radian 
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sy DB F. DATE 2/79 sussectM 14/18 Heater Vessel sucer no of 2 
CHKD. BY . DATE _ . Bettem End _ . . PROJ. NO JP/270 
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j ENGINEERING DESIGN & ANALYSIS SERVICES 


Ne 
aad 


c 
~ 
ce cae aed A team nla ii i ae 


Yaxinim 
ae 


tin 


Q ope weer eb ee ee Fe ee ee pe ee ee ef e- 
a / 2 3 | 
Thread load mn Jue LUT pa Pian 
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sy DBP DATE 5/79 suasect M ee Heater Vessel sucerno & or = 
CHKD. BY DATE Bottbm End pros. no J P/2 70 


Estimated Usage Facfor For 
Original Design T2 DATE 


beb/ motion) | CPs 


| 
ied Tot [Ba ese into TT | 


252,/97 | 752 
~303,95T | 580,000# 


SGD feo. )- 4-40,000% 


K Estimated From Thread Loads (ice LAGE 1) 
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sy DBP DATE [5/79 sussect M (4/78 Heater Vessel sucerno / of / 
CHKD. BY DATE Bottom End prov. No DP /279 


Estimated Usage Factor on 
Origingl Design Te Date 


“Tied | Max 2 Tren? TatensiFy lee 

| SecA ai cro PRO SG or eh ln Pea 
765, 5 32 1.642 

hose eg 
54 647 ot j rae 
261,565" | foood 

oe 5 734 * ee as 

baya® | 7428 

cee? ns (ae rns 


Ne 


* Estimyated From Stresses From overdll Model 
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ay DBP pate //5/79 SUBJECT M/4//8 Heater Vessel sueerno ( of! 
CHKD. BY _ DATE Bottom Eno § __ prow. no TPl2To. 


CT's pac 
Estimate sage Factor 
For M(#//8 Heater vessel 
Bottom End Original Des/gn 


Thread No, 


* Estimated 


Nete : The Usage Factors For 
Thread Nos 2 TAru 6G 
were Estimated. 


The Usage Factors For 
Thread NaS } and 7 
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4 | O'DONNELL & ASSOCIATES, !NC. 
i PITTSBURGH, PENNSYLVANIA 
| : | BY DBP 


_ DATE l2/7/78 SUBJECT Gas Storage Vessel sneer no. 


+. OFé 
nlet End | 


prou.no JVP/2 7o 


CHKD. BY . . DATE 


THREAD LOADS ~ REV. 4 DESIGN 


| LoADS in (L6s5/Radian) 


Bai Cl 


/ Go. DOS, IS) V47. 
re (P2189 05 /8 Be) Pe eee 
3 | 55, 578.6 19 (11, 989. 
4. (58 28), 20 ye ie a 
ay [G6 O09. 24 78, 694.9 
6 2D, 114 ae 64, 646. 
7 4 27 4,415. 2 G2 OLS 
8 Di AO ds 2.4- 4/, 286.4 
7 DT ee. 2. S11 90.7 
[o 303,84/, 26 23,398.07 
I / 2.87, 81a. 27 [6,124.8 
12 267 655, 28 . ese 
12 245 068, 24 4,063,3 
| 4- 22.1, 347, 30 S125" 7: 
15 197,479. 3/ 29, Pet 
/¢ 174,175. 32 - 4,740.76 
| ie . 
2 (loAby) = 4,952,443, 165/Radicn 
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ENGINEERING DESIGN & ANALYSIS SERVICES 


BY DBP 


CHKD. BY . . DATE 


pare I30/79 suuect Driver Yessel — 
Inlet End | 


Furst Thread- Original Desiyn 


DLS PLACEMENTS 


O'DONNELL & ASSOCIATES, INC. 
PITTSBURGH, PENNSYLVANIA 


PROJ. NO TP le rc 


OVerall 
Model 


PIET 
{724 


: . 
sm Ma 


‘ 
G 

a 
wy 


“a7 Ten 8 
~o,400/94 -e 
~©,423166 2 
—0,435 653-2 
-0,448 479-2 
0,465 564-2 
-0.4 6264§-2 
-a.51523,0-e 
-C.54 7812-2 
-—0,560853-2 
~0.97 1894-2. 
=O, SIPS TPS 


-0,496 595-2 
—0.489 579-2 
-0.48208 9-2 
-0.485 {{6-2 
-o0, Feo826{ ~-2 
=0253/58.f-e 
-o, 5 5etél-e 
-0.569 740-2 


ce 


>.927887-)/ 
0,3434o04-] 
0,24849/8-/ 
0.454 2o04q~-| 
O.2549490-]/ 
0.264 637-| 


0.3948ol-] 
Coo 262 
0.389 498-] 
O.28455/-] 
0.278 762-| 
0.374 721-1 
0.272257-/ 
OS6IVTE SH] 


ENGINEERING DESIGN & ANALYSIS SERVICES TREES O'DONNELL & ASSOCIATES, INC. 
PITTSBURGH, PENNSYLVANIA 

BY DBP pare 2/1/79 suaect Driver vessel e-% sHeeT No. ( or! 

GikO. BY =..." BATE EAtler End” 2? Jerouwe TP /27o 


Overall 
Model 


-—°.6[ 3 770-2 
-0,640488-2 
—0,65% 920-2 


350258-| 
-255968-| 
26/526-/ 


-0.425257-2 | 0,2/94/9-1 
-0,445962-2 O.92 2/82 > 
-0.457 682-2 | 0.323 8612-| 
—C.46978°0-2 | O.325¢01-/ 
~0,46719/8-2 | 0.32952e-] 
-0.504096-2 | 0.232443-/ 
-0,546544-2 | 0.359096-] 
-0. 587o05|/-2 | 0.344748-/ 

oO 

CO 

0 


-0,592715-2 | 0.37/Fo}-] 
-0,5970924-2 270064 -] 
—0,588 (95-2 .26 T870-] 


- 3268854 -/ 
2267605-] 
0.366 967-] 
0.2679026—-] 
0.267084 -| 


HOD 7278 faa 
-0,614660-2 
~0.626 129-2 
—O, G54 741-2. 


-0.673 252-2 


O09 oae60 00 


' 
r 
| 
| 


| 
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Pil TSBURGH, PENNSYLVANIA 
BY DBP  onte 1/21/79 sussect Driver vessel sHeet no. / oF A 


CHKD. BY _ DATE inlet End  —___ pros no JP/270 


Pressure on Ist Thread - Original Design_ 


of pel aeule 


ce a i TT ne «4 om tale + 0 


Fa vivalent Thread fFressvre — Original Design 


load = 376,073. LbS/eadian 


AGNES), cos (7°) ee 76a Shoe 
~ [e. 4212) fs. 44) a 


P= 0.1978481738 (Thread Load) 


Be 4 vivalent..Thread Fressure - KEV, 4 Design 


Load = &5,503, Lbs/Radian 


P= 16,745.61 psi 


ENGINEERING DESIGN & ANALYSIS SERVICES ies O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


ey DBP pate 2/9/79 susect Driver Vessel sueetno / of / 
CHKD. BY _ DATE Inlet End — prov no JP/270 


Stresses jn Driver Vessel Inlet End 
Original Design - P= 60,000 ps/ 
Thread Load | Stress Range 
iene | (Psi). ak 
378,073, 2.86, 574," 


380,900, 


210, 241, 
| Jo, 65 656, 


* Maximum Surface Srkes Intensity 
From Model with Elliptical Onderedt 


Stresses in Driver Vessel Inlet End 
Rev. 4 Design — P= 60,000 psi 


d | Th d Load ai ree2 Lense 
ries _" es/Radian) ke Gps i 


C5503. .| -/ 65; 6 ory 9q9* 


a [ee are 
a [973,28 | 301, 499 
ie ET 


#% Maximum Surface Stress Intensity 
Frem Model with Elliptical Undercut; 


| 
d 
I 


| 
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ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC. 
PITTSBURGH, PENNSYLVANIA 


ey DBP_ ate eee nines Gas. storage Vessel sueerno_/. oF 


CHKD. BY __ _ DATE —— Inlet - End _ 2. PROJ. NO TP/270. 
~~ 
é. quiva lent Thread bressur@s 


THREAD | Thread Load | Thread Fresvure 


Bee oe lcs Otte | ee (ei fan POU cs 
| 2.28027. 4568812972 

2 | j02,97,8 | 20,631-7/886 
Qs | 3a7 547, 65, 62822624 

2 (30,/14.1 26,070, O2627 
a on ee ee (6 3,248.9279 

pep | jfaafados | 26, 6, 485.769 07 

a 3] 3,092. a 62,722. 19223 

2 ae eae ae ae 
—  B | 310,535. | 62,219, 66418 

| @ |) 326,079. | 65,234,J/0364- 

T 254,016. 7 51,897.17274 

7 65,448.5/08] 


2CTHREAD LoAD)-cos(7°) 


[e.415)° - (3.144) 


— 


P= 0,2003628067 (THREAD LOAD) 


ENGINEERING DESIGN & ANALYSIS SERVICES irae O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 
sey DBP oat 11/24/78 svesect Gas STorag e Vessel sueet no / or I 
DATE Inlet End ____ prow no J P/e 70 


CHKD. BY 


de spuivatent if Pressure on and Thread- Kev, Rev, ]- Desig 
Ferce on 2nd Thread = / olf] }; Lbs [Radicn 


[e41)*- (e.149)] 


F ste = 20,3/8.977259 psi 


Pua is 


Equivalent Pressure on 8th Thread - Rev. 1 Design 
Force on 8 th Thread = 3 30,258, Lis /R ad fan 


p _2(330,358)-Cos(7°) 
ee lds. 415)* - (18. 44)" | 


er = 66,19/.45609 psi 


eh eee Ble See 


yi aia eg 


ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


SHCET NO _ / or / 


sy DBP pate Wee] 78 sussect GaS STerage Vessel 
d CHKO. BY | . DATE _ L£nlet End —___ prow no SPl270— 


Fyvivalent  fressure on 4th Thread 
| Force on Fth Thread = a1(2.29 7, 16s /padian 


ete 2 (313, 557.) + Cos (7°) 
po |(is-415)* - (8, 144)"| 


ee af 75 2 Pe 
Fax = é62,829,56/2 pe! 


Equivalent Fressure on BTA Thread —original Desryn 
Force on EtA Thread = Jade, Oe he eae Lis/Radian 


Py, = £243,857) - Cos(7°) 
ane [@e. 415)" - (8, 44) | 


Fu = 48,859.8723 psi 


aX 


Bi cee  -7A-22 
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O'DONNELL & ASSOCIATES, INC. 


PITTSHURGH, PENNSYLVANIA 
| BY DBP DATE U20]r8suesecr Gas storage Vessel SHEET NO . 


1 og. 
ee CHKD. BY  . _ DATE _ tn Let End pro.no J P/270 


Frretion Loaling (24 Thread - Original Desrgn) 


Acsume fF =0./22785 


f= Tane =Tim) 


al Ny = (290, 72 7 )Cces 7°) = 368 011 Lb: /Kadivyn 
N= (2860//)(cos ae 365,416.75 t6? [Radian 
FN = 47,286.659 4% /radian (fF = 6.122785) 
Apply FX =—-CG@ At Nedes /00 te 107 (6 Nodes) 
C= 4poReb74. = 5, 99.8224 Lbs /Ruclian 
ax = eee ee) = 77, 163.5) psi 
(8.4 15) — (18./44)°| 
NE 


"°° gt labial healanai eats tnetinanincninisiie a ee ee ee ee 
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ey DBP ate 12/14/78 suwect DRIVER VESSEL — sucerno | of | 
INLET END ___ prone TP/279 


ENGINEERING DESIGN & ANALYSIS SERVICES 


CHKD. BY : DATE 


friction loadin 61 Thread= eriginal Lesrgn) 
Ny = (243,857) (cos Ta = 242,027.32 LoS/Radian 
N = Nyp- (cos 7°) = 240,235 20 4bs/Radian 

PN = 29,497,174 head {f= Tan 7°) 


c= EY] 5,067,14¢79) §8 Radian 


B 
Fax = ©,2002626067 N = 46°/34./9943 psi 


i ee ee 


ay N= (132, 189.05)-[Cos*(79)] = 130,225. 760) '62/radian 
FN = (5,989. 71278 'b3fpaq ff = Tan 7°) 
N 
c= ER = 1 996.714097 162/radian 
Pua x = 0,200%526067 N = 26,092.3988/ psi 


Friction Loading —~8th Thread — Rev, $ Design 
N = (3/3,093,) [605°(79] = 308,442.8999 '“/Radian 
fN= 27 872.02603 LES/ra dicn {f= Tan 7’) 


C= ie ot 4,72 4. 0032 54 Lb>/e dian 


Max = 6.200362 8067 N= Gl, B00.485/3 psi 
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ENGINEERING DESIGN & ANALYSIS SERVICES nage O'DONNELL & ASSOCIATES, INC. 


PITT S&URGH, PENNSYLVANIA 


| BY DBP care UW/i4/78 suasect CaS Storage Vessel  gueet no | wet 


CHKD. BY DATE Inlet End . pro. no JP/Z270O 
Nee! Original Design 


Max. 9.2, At Lntet End by Ratroiny Oot let Fra Results 
by Forces 


jee hed (oes 


oe _ 0 Bay Sac is 
S.L,(Max) - (les (2/ 142) 381,594 psi 


Versus 580, Jao pst RY Lat fere nce 
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PITTSBURGH, PENNSYLVANIA 


| BY DBP. DATE WeFfesveer Gas Sforage Vessel sneerno_! of f 
CHKD. BY _ DATE Inlet End  ___ prosuno JP/270 


Factor For Inlet End for P= 47 500 psi 


Factor = eae Go, = [,6lol4905 


, ty Ooo 


I 
| 
| 
t 


Bare wees rp ew 


OR EN etre eo 
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ENGINEERING DESIGN & ANALYSIS SERVICES O‘DONNELL & ASSOCIATES, INC. 
PITTSBURGH, PENNSYLVANIA 

ey DBP _ DATE l2/(5/78 suwect Driver Vessel SHEET NO _ OF / 

CHKD. BY _. DATE Inlet End prow no TP/270 


Kev. 4 Inlet Enf- with Friéotron 


Factor 
47, Gos /. 9/4705 
45,600 |. 525422372] 
4, aan L235 [2eee3 
3o, 300 J.of& 949153 
2c, 000 0o.677966/E17 
Le 300 .2728983'(508 
tla on 16T 49/5254 
a 
25 eso o.BF745 76 
[5,900 0, 5084746 
lens C,8B/2559 


oi o.8(395 93 
2,0 u 0.745 7627 


ENGINEERING DESIGN & ANALYSIS SERVICES 


ay DBP pate 12/15/78 sussect Driver — 
_ovtlet End. 


CHKD. BY . _ DATE 
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O‘DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


Vessel 


Driver Vesvel outlet End- with 


Faaod 
7 


2) 


Ho avey 
Los 


20,690 
2 he 
y ooo 


) D 
2 “,90 a 


¢7, 520 Sel P71 Gos 7 
45000 0,75 
40,000 0,6666667 
46, 000 co. F 

2e ovo ©O, 333333 
fv, ood ©,1666667 


OcOB 92252 


0,25 


Factor 


O 
4166667 


c 


Facter 


SHEET NO. 


pro. no JP /27° 


Fre ction 


P 


60,900 


Tm 535) 
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ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC. 
PITTSBURGH, PENNSYLVANIA 
| BY DBP _ _ DATE 11/27 frasussect Gas Storage Vessel sueerno l . OF | 
\’ cHKD. 8Y | _ DATE. Inlet End pros. no JP/270. 
od 


Fatigue i; ife at Original Design 
Inte Ene : E = Go,o0% poe 


TH afress 


_ _Kuange 


Ve cad 


Faliyue Design 
Life ht 


[3 BycCres 


Fatigue’. Life. of Rem J Design 
Lnlet End — P= Geers psi 


[ Fatique Design 
rfs N J 


Life 


560 cycles 


Fy tigue Life of Origingl Design 
Tnber End = pS ee, 50° psi 


Thread Stress Fatigue Design 
No. Range, Psi Live iN 
301,546 | 270 Cycles 


1,099 Cycles 


Fatigue Life of Rev. / Design 
InLet End - P= 47, 500 psi 


cee Mere eae Fatigue Design 
L wile | Range, psi | re, al 
~ LB G.25 886 Cycles 


246,730 yz cycles 


| ENGINEERING DESIGN & ANALYSIS SERVICES 7A-29 O'DONNELL & ASSOCIATES, INC. 
PITTSBURGH, PENNSYLVANIA 


j av OBE ate /2/14 frasussect Gas. Storage Vessel sueerno | _ oF | 
H i CHKD. BY _ DATE Dhlet End pros. no SP/270-, 


Fe tique Life eit Original Design 
Inlet End ~ eS GE,00% pose 


Fatigue Design 


Life / 


5&8) Cycles 


Fat ryve Life of Rev, 1 Design 
Indet Enl - P= Ge,olo psi 


Fati ve Design 7 
pee 


VY 326,650 Zoe Cyeles 
Fatigue Life of Original Design 
Inlet End — P=47,500 psi 
Thread ~ Stress i “Fatigue — Design 
No. Range, PS Life, N 
: ee | Cycles 
Fatigve Life of Rev. / Design 
InLet End- Fe= ey Foo psi 
stress] Fatigue Design 
"| Range, psi | ure, NO 
a 185644 6868 Cycles 


259,645 


( 
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O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


DATE 12/14-/78 sussect Gas Sferage Vessel sheet no 


OF 


CHKD. BY DATE Inlet End ; prou no J P/270 
fos G9,000 Pos 
lhivead loud and Stress Kunge — fer 
Original Lestgn- Inlet End -Lriver vessel 
TArcad Load Spree Wanye 
ee remeron © a) eee 
r= 6° Ooo pel 
Thread load and Stress Runge fer 
Kev. | Design- Intet End-Driver Vessel 
Thread | Load _ Stress Kange — 
| Ube fRadian) fei) 
ol 4ll, 224 482. 
230,358, 211, 654, 
SPATS 
deeds See ne Rin PR gens 


ee one age RR RT 


-321 
| ENGINEERING DESIGN & ANALYSIS SERVICES ire O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


ev DBP  oate 1a//4}78 suaect Gas STorage Vesset sueerno. ! of 2 
CHKD. BY DATE Inlet End pros. no VP /270 


No, = 


<= IO SOG. = 6, 248 4 


GY, Oo QO 


OS. aay 2 ey ay 2 S From Nowe Curve) {see Appendix 5B) 


(b) Thread No, 7 
K = 228 114 


G0,000 


= 3,6] 66 


0. Sie 252 {From NSwe Curve) 


Cycles  Kemuining For Rew Lb Design 


N 
Oe ee ie ager 7 (Second Thread) 
U, = 0.052 4+ Se (Seventh Threat) 


(a) For Vp =/.0: 
N, = 88a(1- 0.177) = 731 cycles 
(6) Fer U7=toa: : 


N, = 446(1-0.052) = 423 Cycles 


The smallest Valve of Ny must be Used. 


Therefore , if the Rev. t Design is UsSeal 
{ Thi Soar Ur fol life Ro Maiming is 4.23 cyc Les, 
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ey DBP vate laft4 [78 sunect Gas Storage Vessel  sueetno 2. of 2 
LTnltet End _ prow no TP/270 


i ENGINEERING DESIGN & ANALYSIS SERVICES 


I CHKD. BY . . DATE 


Fatigues Life Kemaining on Inlet End 


of Driver Vevsel Based en P= 4-7, Foo psi 


Se ert ay Useful Life: 
peetyh —} Thread No | Remeinin: 


222 cycles 


Original a 
Rev, 1 


Modification | 


Ne ve 446(1 ~ 0,052) = 423 Cycles {rev | Design) 
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PITTSBURGH, PENNSYLVANIA 


sy DBP __ pate Je/iafre sussect GAS - Storage ; Vessel sHeetno_ /. of _/ 
CHKD. BY .__ DATE _. Inlet End _____ pros. no STPl27¢0 


Futigue Life cf Driver Vessel [Inlet End 
Crigingl Desrgn - P= 60000 psi 


Thread load Stress Range Fatigue Design 
(Lbs /Ku lian ) (PSi) | bife Ccyctes) 


210,241, 


Fatigue Life of Driver Vessel Inlet End 
Rev, 2. Desrgn:-= F= 66,000 psi 


“Thread Load | Stress Range [ Fatique Design 
(Lbs /Radian) (esi) | bife (Cyches) 
/02,97/,8 GOA 


a at 


227, 547, 263 


326,077. 
Fatigue Life of Driver Vessel Inlet Fud 


Rev. 3 Desrgn -— P= 69,000 psi 

Fatigue Desi 

fee (Cycles ‘i 
130,114. 250,42). 4-82. 


315,672. 27%, 116. 


3/0, 535. 


Tan Ae crag ptt ented 
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| ey DBP pate [2/13/78 SUBJECT Gas sferage Vessel sueerno. | og! 
| CHKD. BY _ _ DATE In Let End - 2... PROJ. NO JP/270 
we : 
Fatigue Life ef Driver Vessel Inlet End 
| OriginghL Design — PS 47,506 psi 
Phread Stress Range Fatigue Design 
| No. (Fi) | Life’ (cycles) 
301 546. 
Fatigue Life of Driver Vessel Inlet End 
Rev. 2 Design -—-Po 47, £00 pS 
Thread Stress, Kange Fatigue Design 
No. (psi _life (cyctes) 
[85,545 
ww 


Fatigue Life of Driver Vessel Inlef End 
Rev. 3 Design— P=47 G00 ps 


Stress Range | Fafique Design 
(psi) Life (cycles) 


198,250 . 


232,050 


243, 214 


ENGINEERING DESIGN & ANALYSIS SERVICES nee O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


ay DBP  oate l2/13/78 suaect CaS. Story ge. Vessel sueerno./ off 
ey CHKD. BY .. _ DATE _LIntef End _- _. pros. no TP/27a — 


Gorrent Usage Factor Fer Driver Vessel Inlet End 
(a) Thread No, 2 


ice BES TOO 2. SARs 


6°, 000 


US = 0.177 {From NSWC Curve) 


(6) Thread Ne. 8 


K= at = 3, 5040 
4 


Us = 0,033 {From NSWC Curve) 


ae Cycles HKemgining Fer Kev, Design 
Ne 
Uz = 77 + ae (Second a 


Ug 6,033). {Eighth Thread) 


il 


+ 


By Setfing Uz and Veg Eqvuql To {05 Ne 
For Each Thread iS determin€gd : 


(a) Fer 2rd Thread + 

Np = 889(l-0.177) = 732 Cycles 
(b) Fer 8th Thread: ° 

Np = 462(1-0,033) = 447 Cycles 


The Smallest Valve of Ne must be USed. 


The refere, fhe Cycles Remaining for the 
~ Kev, & Design io 447, 


ENGINEERING DESIGN & ANALYSIS SERVICES PAS O’DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


BY DBP _ DATE (2/12/78 .uesect Gas Sfeorage Vessel SHEETNO 2. of & 


| eo CHKD. BY _ DATE Inlet. End — ——_—__s prou. no TP 1270 
bycles Nemaining Fer Rev. 3 Uesrgn 
| Us SOAPS want (Seeai Fieead) 
Us = 0.033 + — fs {Eighth thresd) 
| By Setting Uz and Ug EquaLl To |. 0, Ne 
For Each aie is Determined 3 
(a) For 2%¢ Thread: 
Ne = 7794(1-90.177) = 64): Cycles 
(b) For 87h Thread : 
Nr Fe 512 ({- 0.023) = TF CyYCles 
WY 


The Smallest Value ef Ne must be Used. 


Therefere, NMe= 495 Cycles For the Rev. 3 Desrgy. 


J 


ee en ae PR 
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ey DBP pare 12/9/78 sussect GAS SToryge Vessel sueerno | of 
CHKD. BY _ DATE Inlef End | prou.no J P/270 


Fatigue Life ef Driver Vessel Inlet End 
original Design — P= 69,000 psi 


Thread load 3 5 gn Fatigue Design 
(Lbs /Rad ian} (psi) | tite Ceyetes) 


Fatigue Life cf Driver Yessel Inlet Ehd 
Kev. 4 besign — P= 60,000 psi 


Thread Load 
(Lbs /Rad ian 


LS I87: 


314,072, 
313,492, 


Fatigue Design 


Stress Range 
Life (Cycles) 


(Psi) 


286, 564. 


i ENGINEERING DESIGN & ANALYSIS SERVICES nase O'DONNELL & ASSOCIATES, INC. 


PITTSBURGH, PENNSYLVANIA 


ey DBP pate |2/9/78 suwect Gas STerage Vessel gueerno | of! 
| CHKD. BY DATE Inlet End prou. no JP/2T79O 


Fatigue Like ot Dreier. VESee Intel “End 
Corigingl Design P= 47, F500 pst 


i Fatigue Design 


OTT Eos Kange 
_Life CCyctes) 


(PS!) 


Thr Cc 


acl 


201 546 270 
166,441. L,o7F 
159 93¢ (92a 
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: U> = -on1 7-7 + 7a (Second Thread) 
P Nr , 
Ug =. 0; 053: -F a. a (Eighth Thread) 


is Setting Us qnd Us Eauqh Fo f.a, Nr 
For Each’ Thread (5 Determined ? 


(a) Fer 2%d Thread + 
Ne = 776 (1-0.177) = 639 Cycles 


(b) Fer 6th Thread : 


va Ne = 522(L-0.033) = 51F cycles 
Ihe Smallest Value of Ne Must be Used. 
Therefore , Ne = 59/5 Cycles Fer The Kev. # Design, 
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Fatique Life of Driver Vessel Inlet End 
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(a) Fer 2"d Thread 
Np = 743(1-0.222) = 578 cycles 


(b) For 8th Thread 
Np = 414(1 -0.06) = .289 ‘Cycles 


The Smallest Value of Np must he USed, 


There fore, Ne = 389 cycles fer the Kew J Desiyn 
based on r= 47,500 Pst. 
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Ta eeey 


I. Kr = [oo Koivin 


a. Critical Crack Depth 


_[00,000__ 000 


Ach. = ss a vila (Best 449 0.040275" 
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APPENDIX 8A 


PERIODIC INSPECTION 
OF CRITICAL AREAS 
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PERIODIC INSPECTION OF CRITICAL AREAS 


This Appendix contains a discussion of our recommenda- 


tions for periodic inspection of the subject components. 


Periodic inspection of critical areas of the driver 
and heater vessels will increase confidence that no flaws near 


critical size are present. 


Analysis of critical areas on each vessel has shown 
‘the number of cycles to failure starting from a given flaw size. 
This size is the depth of a full circular crack around the ves- 
sel, and the number of cycles to failure is obviously a conserv- 


ative, Limiting value. 


Discussions were held with C. Hellier and M. Bath of 
Nondestructive Test Engineering Division of Hartford Steam 
Boiler Inspection and Insurance Company. The discussions 


revealed the following sensitivities of liquid penetrant inspec- 


tion techniques. 


a oe * 
| width | Depth | 


Zyglo Z2L-15 high sensitivity 1-2 microns 20 microns 
water-washable liquid penetrant 
or other Group 1 or Group 6 
penetrant per NAVASHIPS 250-1500 
Magnetic Particle with AC 1-2 microns 10 microns 
device or DC Parker-Probe 


*1 micron = 0.0004 inch 


Thus even a water-washable penetrant can reveal an 8 
mil deep crack. For conservatism, it is reasonable to claim a 


sensitivity of 15 mils. 


The recommended inspection frequency is based upon the 
philosophy of assuming the presence of an initial flaw depth of 


nr oat 


8A~-2 


15 mils. The possibility is accepted that a defect reaches the 
15 mil limit of sensitivity immediately following an inspection. 
For added conservatism it is assumed that this defect is not 


found during the following inspection. 


Since the units experience a variety of magnitudes of 
pressure cycles, it is desirable to account for the difference 
in crack propagation rates. To accomplish this it must be 
assumed that starting from any given point in time all future 
pressure cycles will be over the maximum pressure range. How- 
ever, up to that point in time the affect of lesser magnitudes 


of pressure cycles can be considered. 


To account for the possibility of not discovering an 
existing defect and to provide for sufficient remaining cycles 
once the defect is discovered on a subsequent inspection, a 
defect size, a,e between the initial size of 15 mils (a,) and 


the critical size (4.23 is defined by the following?*: 


1 1 1 1 
n-2 n-2)= n-2 (1) 
2 2 2 2 
ay Aor ox for 


wWto 


Starting from this defect size, i.e., aye two-thirds 
of the cycles required to generate the critical crack size from 


15 mils with full range pressure cycling remains. 


To reach the defect size a,, the actual magnitudes of 
pressure cycling is considered. The crack growth rate is given 
by 


v 


t = n 0.5 
an 7 C. AK /(1 - RR)’. (2) 


*See Appendix 5C for the basic equations and assumptions 
for crack propagation analysis. 


tThis form of the predicted crack growth takes into account 
the effect of mean stress. Reference "Fracture and Fatigue 
Control in Structures", Rolfe, S.T., and Barsom, J.M., 
Prentice-Hall, Inc., 1977, p. 248. 


da _ & ean 0.5 
an = CoChva M ] /{l - R] (3) 
where R is the ratio of Page? ae and (1 - R) equals AP/P ax? 


For numerical integrations let 


a = a, on R.H.S. of equation (R.H.S. = Right Hand Side) 
and 
_ AP 
Ag = Sref (5 ) 
ref 
Therefore 
P = Ap 0.5 
Aa =a mee ee gOS fe REEL" poly = (4) 
* 1 . (e) * 1 : 
1 ref max,1 


The crack size a, will be reached and inspection is required 


when 
agg ne O<S 0.5 a n 
pyeae Pinax,i a Cie ( 1 ) (5) 
n = n/2 ,n/2 \o 
ee Cad M ref 


Table 1 indicates the values used in the above equa- 
tions. Also shown are the number of full pressure cycles re- 
quired to extend a 15 mil defect to the critical size. The 
period between inspection might be extended slightly if in 
Equation (3), the average of as and a, is used on the R.H.S. 


: : : n 
This results in about a 20% to 30% increase in AP |. ; 
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APPENDIX 9 
THERMAL CONSIDERATIONS 


Thermal Considerations 


During operation, the working gas temperature varies 
which in turn produces thermal stresses within the steel com- 
ponents. Lacking specified gas temperature transients the 
effect of thermal transients can be given only speculative 


attention. 


In general, the transient thermal effects are judged 
to be insignificant in affecting the predicted cyclic life of 
the components. ‘he reasoning is that the gas flow period is 
very short (on the order of 1 or 2 seconds) relative to the 
diffusivity and thickness parameters of the involved components. 
In addition, the relatively small thermal capacitance of the 
gas results in a rapid attainment of thermal equilibrium follow- 
ing the flow period such that little change occurs in the com- 
ponent average temperatures. The thermal stress responses are 
most probably "skin" type stresses at the gas boundaries. 


The most limiting locations are generally at the threads 
of the various threaded closures which are in themselves not 
gas boundaries. These locations see insignificant if any, 
thermal stresses and, therefore, the temperature transients 


probably have little affect on cyclic life. 


For other locations of the components, thermal stresses 
may be more dominant than the primary pressure stresses. In 
the MACH 10 heater, prior to flow initiation, steady state 
thermal gradients may produce significant stresses if the 
vessel is redundantly supported. If the heater is not redun- 
dantly supported bowing will occur and the thermal stresses 


are probably insignificant but reactions may then cause signi-~ 


ficant stresses in the connecting hardware. 


The complexities of the system and the thermodynamics 
of the operations preclude a purely analytical approach to 
determine the gas temperatures required to evaluate metal 
temperatures. A more definitive evaluation of thermal effects 
would require a combination of extensive temperature measure- 


ments and analysis. 
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